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ABSTRACT
Radio propagation in mines and most tunnels by natural means 
is not adequate for general use, ranges so achieved usually being limited 
to a-few hundred metres at the most. In this work the transmission-line 
principle for artificially propagating very-high-frequency (VHF) radio 
signals through such environments has been studied experimentally and 
theoretically, and has been developed to allow practical communication 
over any desired distance in coal mines and other tunnels.
The external coupling mechanisms of the two main types of 
transmission line through their normal imperfections have in particular 
been investigated, considering especially the extent to which these 
imperfections themselves may be usefully controlled. Guiding principles 
have been established for optimizing the choices of line and frequency 
for any given application.
Methods of extending the basic range by judicious branching and 
networking are then examined, together with the use of active devices - 
line repeaters and multiple base stations - to increase the coverage 
further to any desired extent; these techniques themselves introduce 
problems which in turn are treated.
Finally, a description is given of an engineered system based 
on the principles developed. This has been in operational use for over 
two years, and a production version is being installed in a number of 
British mines.
Although the principles described are applicable to all kinds 
of tunnel, and to some extent surface applications also, the main emphasis 
has been on coal mines; the question of intrinsic safety of equipment is 
here important, and has influenced both the conduct of the experimental 
work and the design of the final equipment.
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Abbreviations and symbols
(a) Standard abbreviations are used for all units and primary 
electrical quantities
(D) Other terms, abbreviations and symbols in common use have their standard meanings according to context; in particular:
VHP
UHF
£1« f * > i.f., r.f.
a*m* 1 f .m.
f t  x f (1), c, t
very-high-frequency
(i.e. within the range 30 - 300 HHz)*
ultra-high-frequency
(i.e. within the range 300 - 3000 MHz)* 
audio-, intermediate-, radio-frequency 
amplitude modulation, frequency modulation 
(as used conventionally in electromagnetic theory)
(c) The following important symbols have particular meanings in
mathematical and quantitative contexts, as defined again in the text 
as they occur:
(d)
ex.
/°2
X1
a, b 
a', b ’
A, B
C
C
M
R
S
Zo
Z »
attenuation constant of transmission line 
in principal mode
attenuation constant of transmission line 
in single-wire mode
velocity ratio of transmission line in principal mode 
velocity ratio of transmission line in single-wire mode 
wavelength of signal in principal mode of line 
wavelength of signal in single-wire mode of line
(not sections 2.5.3 or 2.8.3)(symbols for expressions 
in the above quantities; see p.70)
coupling loss
coupling loss for single-wire mode of line 
mode-conversion factor for line 
range of a simple transmission-line system 
system loss
characteristic impedance of line in principal mode 
characteristic impedance of line in single-wire mode 
surface transfer impedance of coaxial cable
The following symbols have more restricted use in the sections 
indicated and are defined as they occur:
section 2.5*3 only: A, A', B, B', D, F, F', H, K, r, s, 0
section 2.8.3 only: A, a, b, K, k,y3
»standard definition: see p . 1 6 for frequencies used
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1 INTRODUCTION
Radio communication in mines presents its own peculiar problems 
largely unrelated to those encountered on the surface, one of the most 
fundamental of these being that of sheer propagation of radio waves in 
underground conditions. When the present investigation started these 
problems had not yielded to any demonstrated solution, and there seemed no 
prospect for the development of a fully-personal radio system which could 
be installed in any pit to provide instant two-way speech communication 
with key personnel, an urgent objective.
The broad purpose of the present work was to examine the subject 
afresh and follow any new approaches to the problems which might seem 
promising. One such approach lay in a principle which had been discovered 
and applied to overcome the propagation difficulty, similarly encountered 
in railway tunnels, by the laying of a transmission line as a distributed 
aerial to propagate very-high-frequency signals artificially; this 
•important prior contribution had apparently passed unnoticed for its 
possibilities of wider application and development, such as in mining.
As a major part of the general investigation the transmission­
line principle has been studied in experimental and theoretical terms,, 
particularly as applied in a mining context and environment. The work, 
with encouraging results from the beginning, progressed naturally from the 
basic research through to the systems and engineering stages, and the 
outcome is a successful two-way personal radio system which is now in 
standard production and can be applied to any type of mine.
The results of the basic research have an equal bearing on the 
allied applications of radio communication in other types of tunnel; in 
many instances the systems and engineering techniques developed or proposed 
may also be directly applied, and in some of these the fully designed 
equipment itself will find direct use.
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1,1 Historical
The literature records various fruitless attempts to communicate 
hy radio through mines from about 1920 onwards, A paper by Wyke and Gill^ 
in 1955 reviewed the position as it then stood and gave references to many 
of the earlier investigations. Much of this previous work was very 
haphazard, and some authors in reporting their discouraging results felt 
it unnecessary to give details of their experiments or even of the 
frequencies used. But the general inference seemed conclusive - that 
radio waves do not propagate in mines by the normal free-radiation 
processes which operate over the surface of the earth, and that such 
natural propagation as occurs is inadequate for any generally useful purpose,
A further conclusion which perceptive workers drew from the 
various findings was that the more encouraging results were achieved at 
the lower, rather than the higher, frequencies. This can now be explained 
by asstiming that communication at low frequencies occurred primarily by 
direct transmission through the solid rock or coal, rather than by
following the tunnel as would tend to be the case at the higher frequencies.2Some later workers have exploited this characteristic of the lower 
frequencies by applying it to schemes for providing communication with 
trapped miners in rescue operations, where rock would certainly have to 
be penetrated by the signals. They have shown that there is an optimum 
frequency for this type of application, depending on the geology but 
typically 500 kHz. The ranges obtainable are still inadequate for routine 
use in day-to-day operations in. a pit, and the need for high transmitter 
powers renders the equipment unsuitable for personal use.
As against such direct propagation through the earth, it was 
also appreciated that within the mine workings themselves the low-frequency 
signals could be conducted in the form of stray currents in any cables 
present. Such casual assistance to propagation could not be relied upon 
and it was found generally more satisfactory to lay a special conductor 
wire for the purpose, with suitable care taken in its installation to 
minimize unwanted leakage of currents to earth. When one of the 
communicating stations was fixed it was logical to connect it galvanically 
to the line to reduce the total path loss. Later, it was realized that the 
loop could advantageously be completed by an earth return circuit or, 
preferably, by a metallic return circuit. This form of communication was 
advocated by Wyke and Gill for further development and application. It 
was already coming into use for paging systems in hospitals, and one such
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system was adapted for mining use. The most satisfactory underground 
application has been in the provision of mine locomotives with two-way 
communication systems designed for the purpose, but the technique has not 
proved a practicable basis for a personal two-way system.
This limitation on the success of the inductive-loop principle 
has been due to the basic difficulty of coupling low-frequency energy back 
into the loop conductor from a personal radio transmitter of reasonable 
weight and size. In the base-to-mobile direction, useful communication 
may be ensured by using comparatively high transmitter powers (up to 5 W) 
from suitably flameproofed equipment, in conjunction with compact ferrite 
aerials on the small mobile sets, which may be special 'ruggedized' 
versions of standard paging receivers. In the converse direction of 
communication, however, the use of such high transmitter powers is ruled 
out by considerations of battery size and the need for full intrinsic 
safety} moreover, ferrite aerials have so far not proved suitable for 
transmission due to their low saturation levels. Cumbersome body-worn 
loop aerials are thus necessary, and close coupling to the conductor loop 
must be ensured during personal transmission to overcome any electrical 
interference which may be picked up by the loop over its wide catchment 
area.
A longer-term consideration is that the.total bandwidth of this 
part of the spectrum is uncomfortably low to meet the eventual needs of 
a successful system and provide the necessary security and integrity for 
the numerous applications for radio communication which would be expected 
to arise. A further factor is that with the restricted inductive-loop 
systems which have been used in mines a constantly recurring complaint has 
been the presence of standing waves on the loop conductor, even though 
methods such as capacitive loading exist for minimising them; the effect 
at the frequencies involved is to produce extended blind areas where no 
communication is possible.
Use of higher frequencies. In contrast to the preoccupation of mining 
interests with the lower frequencies, some relevant work was being carried 
out at far higher frequencies in railway tunnels both in the UK and In 
America. In particular, Foot^ in 1950 reported some interesting and 
encouraging results obtained in British railway tunnels using frequencies 
in the VHF, UHF and microwave bands. These showed conclusively that as
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the frequency is progressively raised there comes a point where the 
previous trend is reversed and the natural range thereafter increases with 
frequency, confirming that the tunnel may be considered as a waveguide.
Later, American workers demonstrated that by using still higher frequencies 
it was possible to propagate signals past moving trains in single-track 
tunnels. No practical development appears to have followed from this, 
presumably owing to engineering difficulties; such propagation would be 
of limited use in mines, where roadway profiles and walls are often 
irregular and where sharp bends and comers, and even steel doors, have 
frequently to be negotiated.
In 1956 a most important contribution to the art of propagating 
radio signals through railway tunnels escaped immediate attention by 
mining interests, when Monk and Vinbigler^ first described a principle in 
which communication with moving trains in railway tunnels had been 
maintained by connecting a fixed base station not to a normal aerial but 
to a balanced two-wire transmission line laid throughout the tunnel. The 
small but significant radiation from the line (and the reciprocal catchment 
effect) was adequate to provide two-way communication in the VHP band over 
longitudinal ranges of the order of a kilometre from the base station to 
mobile or personal sets in the tunnel, in contrast to the hundred metres or 
so which would be typical using direct radiation in such an environment.
As described by Monk and Winbigler, the transmis3ion-line 
principle was discovered more or less by accident, when an attempt to 
provide the required VHP coverage of a railway tunnel involved bridging 
dipole aerials at frequent intervals across a coaxial feeder; this system 
worked well, but it was subsequently discovered that the dipoles were 
superfluous. With the realization that the feeder itself was providing 
most of the useful radiation, a change was made to a twin unscreened feeder 
because of its lower cost, lower longitudinal attenuation and hi^ier 
leakage fields.
5Later, Parmer and Shepherd studied the leakage of the 
transmission line in this arrangement more closely, still using twin or 
bifilar types of feeder, and conducted tests at one frequency only (150 MHz). 
As will be shown, some of their findings and assumptions conflict with the 
conclusions from the present investigation. Further, it is now clear that 
for many applications a reversion to a coaxial type of line, preferably of 
a special construction, is necessary.
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1.2 Scope and objectives of the present Investigation
The work which is the subject of this thesis commenced in 1967 
at the then Mining Research Establishment of the National Coal Board at 
Isleworth, Middlesex and transferred with it to the combined Mining 
Research and Development Establishment near Burton-upon-Trent in 1969.
The original broad intention was to examine anew, both 
theoretically and experimentally, the entire practical radio spectrum up 
to about 500 MHz, considering both natural and assisted propagation 
techniques, with the objective of developing a personal two-way radio 
system for use in coal mines. In view of the attention which had already 
been given by other workers to the lower frequencies, with such 
disappointing outcome, and the apparent attractive possibilities of 
applying the transmission-line principle to mines, it was decided to start 
with a study of the VHP and UHF bands. The immediate and continued success 
achieved with the transmission-line principle, and the pressing need for a 
practical system to be developed, led soon to the decision to concentrate 
on this part of the spectrum to the abandonment of the lower frequencies.
With the field of the investigation thus narrowed, and the feasibility of 
the proposals demonstrated, it was possible to re-define more precisely 
the aims of the project:
(a) to establish the ranges and other performance character­
istics which may typically be achieved in mines, tunnels 
and other confined spaces by direct radio transmission 
at frequencies in the VHF and UKF bands
(b) to investigate the transmission-line principle for 
artificially propagating signals over longer ranges
(c) to develop techniques for extending the range further 
by the use of such means as multiple base stations or 
repeaters
(d) to engineer prototype two-way radio systems having a 
pit-wide range.
These form a three-part programme, with (a) and (b) grouped 
together as 'basic research' and described here under that heading;
(c) and (d) are regarded as 'systems' and 'engineering' aspects respectively.
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1.3 Environmental restrictions
There are severe environmental problems, not concerned with 
propagation, attached to working in coal mines and in designing equipment 
for use in them. Statutory regulations prohibit the general use in coal 
mines of any electrical equipment which has not received approval as 
either being flameproof or complying with rigid requirements of intrinsic 
safety. Resort to flameproofing is impracticable for portable equipment 
or indeed any equipment which is to be continually adjusted or used for 
measurement purposes, as in the proposed experimental work. Approval on 
grounds of intrinsic safety involves careful vetting by the appropriate 
authority and usually testing, sometimes to destruction, and the 
preparation of detailed and special drawings in applying for the necessary 
certificate. This preparatory work itself is a time-consuming process; 
further, it is unusual for the certification to be completed within six 
months of the application.
Another important consideration is the well-being of any 
equipment used in the underground conditions, with the prevailing dust, 
sometimes very high humidity and inevitably rough handling in transit.
It would not be prudent to take underground any valuable or delicate 
laboratory instruments, even if they were to be cleared for intrinsic 
safety.
The same environmental factors affect the.abilities of the 
research team members themselves, making it desirable to limit the 
complexity of experiments and to anticipate all difficulties as fax as 
possible. Measurement of a simple quantity such as the attenuation of a 
length of transmission line would involve one person walking in difficult 
conditions the full length of the line and back, perhaps two kilometres or 
more in total distance, carrying the equipment for three test frequencies, 
and might take an hour or more; it would be unusual to complete more than 
five or so such tests in a working day, especially if the line were to be 
re-disposed between tests. It is not normally possible to enter or leave 
a mine at will, since the shafts are usually in continuous use for the 
winding of coal or supplies except at certain times set aside for men to 
ride; a simple equipment fault or oversight can therefore seriously, 
disrupt a day's plan of work.
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It would have been too restrictive and unrepresentative to 
confine the experimental work to particular parts of a mine which a 
sympathetic mine manager with the agreement of the Inspectorate of Nines 
and Quarries might be prepared to declare as 'non-hazardous’ with respect 
to risk of explosion. Nor would it have been satisfactory to rely on 
observations made in other types of tunnel having non-hazardous atmospheres 
and less exacting physical conditions, though useful tests were later 
carried out in such places as railway tunnels. At the start of the 
investigation, therefore, a decision had to be taken on the choice of a 
limited number of robust instruments or devices which could be granted 
the necessary clearance for underground use in mines with maximum 
usefulness, and a suitable plan of proposed experimental procedures was
drawn up.
The same problems of safety and robustness of equipment had 
to be considered again at a later stage of the work, in engineering an 
operational system which could be granted the necessary Certificate of 
Intrinsic Safety and also meet the NCB's own requirements for reliability 
and operational safety in underground conditions.
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2 BASIC RESEARCH
2.1 Apparatus for underground testa
Tests or measurements over any radio propagation path require 
at the minimum a radio-frequency source and a detecting device. In the 
present investigation these elements would have consisted ideally of a 
stable signal generator covering the frequency range to be studied and a 
sensitive measuring receiver covering the same range. The market was, in 
fact surveyed for any such suitable equipment but to no avail; all 
possibilities were ruled out by considerations of environment and intrinsic 
safety already outlined.
It was necessary therefore to limit the tests to a few spot 
frequencies in the range and to use standard VHP and UHF personal-type 
two-way radio sets or 'walkie-talkies’, some of which were available in 
intrinsically safe versions for use in the gas, chemical and oil-refining 
industries. The actual channels as determined by licensing considerations 
pnri the desirability of remaining within recognized bands were as follows*
(a) 27.12 MHz (subsequently referred to as '27' MHz)
(b) 85.875/72.375 MHz (referred to specifically as '85* or 
'72* MHz, or more generally as '80' MHz or 'low-band')
(c) 167.2/172 MHz (referred to as '170' MHz or 'hi^i-band')
(d) 459.15 MHz (referred to as '460' MHz or 'UHF')
To serve the first three channels, the type of set selected was 
the Pye 'Bantam'. The high-band version already carried a Class 2 
certificate of intrinsic safety; though not recognizable directly for 
mining use, this did facilitate the granting of underground approval to 
that set and its counterparts on the other channels. The Bantam set had 
a transmitter output power of 500 mW and a receiver sensitivity of 1 nV.
It had a convenient coaxial socket for r.f. connection in lieu of the 
built-in telescopic aerial.
The low-band and high-band channels are shown as two-frequency. 
In normal use of these channels, the first quoted frequency is used for 
base-station transmission and the second for mobile transmission. There
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was no such restriction in this case; two sets were obtained on each 
channel, each pair of set3 being reciprocally crystalled for use in any 
mode required.
For the TJHF channel, the Pye •Pocketfone' was adopted as the 
only set then available. It, too, carried a Class 2 certificate, 
facilitating underground intrinsic-safety clearance. Transmitter power 
was 100 mW and receiver sensitivity 1 \N, The Pocketfone was a dual set 
with separate transmitter and receiver units. Neither unit, unfortunately, 
carried an external r.f. connection. However, a modification was made to 
one of the transmitters to provide a take-off for r.f. power in place of 
the normal integral aerial: a quarter-wave length of 150 0 twin feeder 
was soldered to the tank coil as a matching section in place of the aerial 
tmd brought out through the case for direct connection to a 300 Q ribbon 
feeder; this modification was cleared for intrinsic safety. It was not 
practicable, unfortunately, to carry out a corresponding modification to 
the receiver unit.
All the sets employed frequency modulation, which for this work 
hqfl the useful characteristic that the limit of range is very clearly and 
closely defined in use; this corresponds to the point where the received 
signal just suppresses the noise, and is taken as an indication that a 
voltage of 1 nV is then appearing at the aerial terminal. Deviation in 
a n  cases was 15 kHz, corresponding to a channel-spacing standard of 50 kHz.
Measuring instruments. At least one r.f. measuring instrument was 
essential for underground use, and a fair accuracy was considered more 
important high sensitivity for the tests in mind. It was decided that
an r.f. millivoltmeter was the best type of instrument to meet this need. 
That selected was the Advance Electronics type VM79: it is claimed to be 
accurate over the range 10 kHz to 1000 MHz, and has sensitivity ranges from 
10 mV to 3 Y f.s.d. It is, of course, a portable fully-transistorized 
instrument and it was possible to obtain intrinsic-safety clearance for it. 
The equipment included a T-probe with coaxial N-type connections to enable 
voltages in coaxial circuits to be measured. A robust rubber-padded hard­
wood case was specially constructed to house this somewhat vulnerable 
instrument when used in coal mines. The instrument proved indispensible, 
and a second was later acquired for greater flexibility in the experimental 
procedures and to provide a desirable cross-check. One of these voltmeters 
is visible in Plate 3»
17
A small portable field-strength meter was also desirable from 
the start. However, a satisfactory item only became available late in the 
work, when it was purchased; this was the PO Radio Receiver type 35A/M, 
marketed by Walker and Leach, and intrinsic-safety clearance was again 
secured in due course. This instrument covers only the low-band and high- 
band frequencies, though it was found possible to trim it below its 
original lower limit of 30 MHz without disturbing the calibration. It has 
in fact not proved satisfactory in its intended use as a mobile field- 
strength meter in difficult underground conditions owing to the fine tuning 
and susceptibility to disturbance; however, it has proved a useful 
sensitive r.f. microvoltmeter to measure induced transmission-line voltages 
in steady positions. This meter is shown in Plate 4, being used in 
conjunction with the instrument mentioned next.
Absorbing.,clamp. To test a theory developed later in the investigation it 
became necessary to measure or compare the longitudinal r.f. currents 
transferred from within to the outer surfaces of the braids of coaxial 
cables. About this time, an 'absorbing clamp' was marketed by Rohde and 
Schwarz for assessing the radio interference potential of power cables 
attached to mains-operated portable appliances. One of these devices was 
purchased and adapted to the purpose, as described more fully in 
section 2.7*3» it is shown in use in Plate 4.
2.1.1 Smaller and specially constructed items
Attenuators .and.terminations. The intended experimental techniques, and 
the limited measuring equipment, necessitated an assorted range of 
attenuators. Step-variable attenuators were obtained to provide 0 - 90 dB 
in 10 dB steps, and 0 - 10 dB in 1 dB steps. These were mainly 50 Q 
coaxial devices, and so appropriate correction factors were calculated for 
use in 75 0 circuits. These devices were claimed accurate only up to 
300 MHz. In addition, an assortment of small fixed pads was obtained, 
again 50 Q coaxial. A quantity of small screened terminations, both 50 fi 
and 75 Q» was added. Being passive and purely resistive, none of these 
items required specific intrinsic-safety clearance.
§px§.9BÎBÎL, £» In many of the tests it was necessary to insert attenuation 
between a source and an aerial or transmission line. Experience showed 
that above about 40 dB such attenuation could be unreliable owing to 
bypassing of the attenuator by direct radiation from the source or the 
connecting leads. A screening box was therefore constructed from 16 SVG
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sheet copper with a close-fitting lid of the same material, large enough 
to accommodate a Bantam set complete with the 'pip-tone' device described 
below. Also incorporated within the box was a rotary 0 - 90 dB step 
attenuator with its output connector feeding directly through the wall of 
the box. Using this enclosure, the full 90 dB attenuation could be 
confidently obtained. Later, a second screening enclosure was constructed 
from a diecast light-alloy box; this also included provision for bringing 
out the microphone leads through Erie 'Filtercon* n-section feed-through 
filters, and is visible in Plate J.
Baiun transformers. A great many of the experiments involved two-wire 
transmission lines of the 'ribbon feeder' type. The impedance of these is 
generally 300 0; balun transformers were used to provide the correct 
coupling between the balanced lines and the unbalanced 50 or 75 Q terminal 
equipment and circuits. These devices were obtained from Hatfield 
Instruments; they had an upper frequency limit of 300 MHz.
Pin-tone keyer. Many of the items were special laboratory-constructed 
accessories for the purchased apparatus. An example is the 'pip-tone' 
device made up for use with the Bantam radiotelephone sets. It was 
realized that the batteries in these sets could not be expected to last 
their normal eight-hour shift life if carelessly planned experiments 
demanded a high 'transmit' time from the sets. For example, when the range 
or reliability of a received transmission is being assessed a continuous 
carrier with speech is often wasteful. Accordingly the pip-tone device 
was made up to plug into the radiotelephone set in place of the normal 
microphone; it was designed to produce a short burst of tone-modulated 
carrier of about 100 ms duration every 1 s or so. The normal microphone 
could still be connected, through the pip-tone unit, and override the 
pips for control communication. Intrinsic safety clearance was obtained 
for this item.
Probes. Some special-purpose probes were designed and constructed for use 
with the VM79 r.f. millivoltmeter when taking measurements on ribbon-type 
300 Q feeder. The first, known as the 'spike probe', consisted of a small 
hand-held Jig made of Tufnol with a groove to locate the ribbon. Closure 
of a plastic-hinged clamping arm caused suitably positioned fine metal 
spikes to pierce the dielectric and make electrical contact with the wires. 
Connections led away through a short length of ribbon feeder to a balun 
transformer, thence directly to the T-probe left untenninated. The readings
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had to be treated with caution; in particular, the possibility of standing 
waves on the line due to partial reflection at some point beyond the probe 
had to be checked, and the mean of a number of spaced readings taken if 
there was any doubt.
To test for, and as far as possible measure, common-mode 
voltages existing on a 300 Q ribbon feeder, a special probe was made up 
in a small diecast alloy box. It comprised an accurately centre-tapped 
300 Q load for the feeder, with a diode probe circuit as used in the 
standard T-probe connected directly between the centre-tap and the diecast 
box. In use, the box was earthed aa well as possible, typically to a rail.
Both these probes are shown in Plate 1.
Feeder supports. A simple expedient, used in large quantities, was an 
improvised arrangement for securing a ribbon feeder at intervals while 
maintaining it at a set minimum distance from extraneous metal-work, A 
15 cm length of 13 mm diameter hard PVC rod was previously slotted at one 
end to grip the feeder. A 75 mm Bulldog clip was attached to the flange 
of a convenient arch girder or other suitable lip. The rod was inserted 
through the two holes, suitably enlarged, in the clip handles and secured 
by a.pin.through one of a number of holes provided in the rod, to give the 
desired clearance for the ribbon from the arch.
This device is shown in Plate 1, together with a moulded 
plastic clip designed later to serve the same purpose in an engineered 
operational system.
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2,2 Underground measurement techniques
The underground experimental work in the research phase of the 
project divided clearly between two basic objectives, to investigate 
(a) the 'natural' ranges and propagation characteristics in the various 
types of confined environment to be studied, and (b) the improvements 
offered by the transmission-line principle of artificial propagation.
The first of these represented the simpler and smaller part of the work, 
but was an essential preliminary to transmission-line tests in any new 
environment. Such checks were necessary to confirm whether the natural 
propagation in the environment was in fact worse than that within the 
particular line to be used in the subsequent tests. In certain large-bore 
tunnels, notably the Box railway tunnel in Wiltshire, UHP signals were 
propagated naturally with less attenuation than in the transmission line 
itself; in such conditions it would have been pointless to proceed with 
transmission-line tests at that frequency. However, measurements of 
natural propagation are also important in their own right in planning 
short-range applications of radio without transmission-line assistance, 
and in determining the 'lateral' range pattern to be expected from a 
transmission-line system.
2.2.1 Natural -propagation
Natural ranges were determined for each of the four frequency 
bands using the personal sets, by direct two-way speech communication or 
by use of the pip-tone device in a one-way test. In the transmitting mode, 
the sets were tested for satisfactory r.f. power output before use, and 
before and after each change of battery; the usual procedure was to 
measure the output voltage delivered into a resistive 50 Q termination 
using the VM79 millivoltmeter through a 20 dB attenuator. There was no 
means of measuring the output power of the UHF Pocketfone transmitter; a 
check on battery voltage was made instead. Later in the investigation a 
radiotelephone test apparatus became available and was thereafter used to 
make frequent laboratory checks on receiver sensitivity - again, not at 
UHF; before that, the sets were periodically checked by the manufacturer.
In use, the sets were always operated with the correct aerial 
for the frequency, fully extended when telescopic, or else a separately 
derived correction factor was applied for any departure from this optimum 
condition. In the case of the VHP sets, care was also taken to adjust the 
squelch control to its threshold as determined by ear, or to render it
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inoperative. The UHF sets had no squelch adjustment.
Range end-points were determined subjectively, and usually 
directly, hy judging the limit of readable signals as determined by the 
mute lifting or the noise being suppressed. With frequency modulation, 
as used in all the sets, this was a simple and precise procedure, allowing 
discrete measurements to be made within an accuracy of ¿6 dB, or ¿5$ of a 
measured natural range. However, in most conditions the presence of 
pronounced multipath effects in the tunnel caused a random standing-wave 
pattern to be set up, often amounting to some 20 dB total variation of the 
received signal in any given region of the tunnel. Range figures were 
always taken as the worst-case or 'reliable' ranges in respect of these 
standing waves.
2.2.2 The transmission-line principle
The basic transmission-line principle is illustrated in Pig. 1.
P is a fixed base station, connected to a transmission line TL 
in lieu of a normal aerial. The line runs through the mine or tunnel 
where communication is required, and ideally is terminated in its 
characteristic impedance. Balanced twin types of line are preferably 
connected through a balun transformer, shown at B, to preserve balance and 
matching; coaxial lines may usually be connected directly to the fixed 
station. M i s  a standard mobile or personal set with a normal aerial, 
coupling to the line through the electromagnetic fields.
These elements form a simple but complete two-way mobile radio 
system. When the fixed station P is transmitting, signal energy from it 
is radiated by the transmission line TL and picked up by the mobile sets 
M - of which, of course, there may be any number. In the reciprocal 
direction, when the mobile set is transmitting the radiated signals are 
picked up by the line and conducted to the fixed station.
Consideration of Fig. 1 shows that the total loss in the signal 
path between the fixed and mobile stations can be regarded as comprising 
two parts, (a) the loss within the transmission line between the fixed 
station and a point P on the line nearest the mobile set, and (b) the 
'coupling loss' between the point P and the mobile set. The line loss is 
normally assumed to be uniform, and quoted as a specific attenuation in 
dB/100 m; the coupling loss is expressed in dB. The total acceptable path 
loss is given by dividing the transmitter power by the receiver 
sensitivity. From a knowledge of these three quantities it is simple to
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Fig. 1: The transmission-line principle
Fig. 2s Measurement of transmission-line attenuation
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predict the range of a transmission-line system; it is not, therefore, 
necessary to extend in practice to the full range of a system in the 
experimental work, though this had to "be done at various times for 
demonstration purposes.
2.2.3 Transmission-line attenuation
Figures are readily available for the specific attenuation of 
all standard manufactured types of transmission line, both bifilar and 
coaxial. It is also a very straightforward exercise to predict the values 
to be expected with any newly proposed type of reasonably standard 
construction, and manufacturers will normally supply such figures in 
tendering. It is, however, vital to have available a means of measuring 
the attenuation of an installed length of line, and wise to carry out such 
checks in all experimental work and in commissioning an engineered system. 
As will be shown, the attenuation of bifilar lines in practical conditions 
can vary widely from the theoretical or measured free-space figures, and 
that of coaxial types can be affected by damage to the cables not outwardly 
apparent. A very large part of the experimental work in this investigation 
has been concerned with line attenuation measurements in situ.
All such measurements were made by the direct principle of 
coinparing power levels in the line at suitably separated points. In most 
cases the section of line in question was isolated and the technique shown 
in Fig.' 2 was typically adopted. The source is conveniently a Bantam 
radiotelephone set, shown at Tx, connected to a bifilar line (TL) under 
test through a 50 Q attenuator (A) and a balun transformer (b ) of 
appropriate matching ratio. The far end of the line is connected through 
a similar balun transformer and the T-probe (P) of a VM79 r.f. millivolt- 
meter to a 50 £1 line termination (T). The voltage reaching the termination 
is thereby measured, with correct matching conditions prevailing throughout. 
Before or after this measurement, the apparatus at the two ends is brought 
together and the same measurement made without the line in circuit, that is 
with the two balun transformers connected back-to-back. The specific 
attenuation may then be calculated from the ratio of the two readings and 
a knowledge of the line length. The attenuator (a ) was normally necessary 
to bring the direct reading within the top range of the r.f. millivoltmeter 
and was conveniently a fixed 20 dB pad. In the case of very long lines it 
was preferable to remove it, and make the appropriate allowance, to avoid
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having to use the lowest ranges of the millivoltmeter. The attenuator 
could alternatively, or as a cross-check, be made variable and used in a 
substitution method by working to a constant voltmeter reading.
For measurements on coaxial lines, the same method was used 
without the balun transformers. In the case of 75 Q coaxial lines, the 
only further precaution necessary was to change the termination T to suit; 
the only mismatch would then occur before the line, and being constant 
through the two measurements caused no error.
It was occasionally necessary to check for a variation in 
attenuation over a length of bifilar feeder without cutting it; in such 
cases the spike probe as described in section 2.1 .1 was used to take 
voltage measurements at intervals along the line.
2.2.4 Coupling loss
The term 'coupling loss' in the present context had not 
appeared previously in the literature. Following its introduction by the 
present writer it has been widely used but without uniformity of definition.
The present writer's definition, as used in this work, is the 
path loss between the aerial terminal of a mobile set and the nearest point 
on the transmission line. Taken in this sense, it must therefore be a 
function not only of the transmission line itself but also of the environ­
ment, the physical arrangement of the line within that environment, and 
the aerial efficiency of the mobile set. It is thus not valid to quote 
generalized figures for coupling losses of cables at particular frequencies 
without reference to these other factors.
An alternative definition which has been used* attempts to 
define 'coupling loss' as an absolute property of a particular line at a 
stated frequency by referring the loss to the terminals of a standard 
half-wave dipole aerial at a distance of 20 ft from the line (in an 
unspecified environment). Such an absolute definition should strictly 
relate the coupling to free-space conditions, but this would effectively 
rule out direct practical measurement. The environment must therefore be 
considered a factor in all practical measurements, and specified. 
Furthermore, in most mine conditions it is not possible to use half-wave 
aerials at 27 MHz, or even 85 MHz, and so a correction would have to be
»Andrew Antenna Systems Ltd: sales literature for 'Radiax' cable
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applied to measured values taken with practicable aerials. It thus seems 
preferable to lump this variable with the environmental factors and take 
the ’practical’ definition of coupling loss used here.
In considering the cables themselves, it is still valid and 
very useful to speak of ’comparative coupling losses' in respect of the 
performance of different cables in the same conditions. So far, no 
•standard cable' has been suggested as a basis for comparison, though in 
the present work some measurements have been related to those on a 
particular cable, similar to Uniradio 57t as a reference standard.
Measurement techniques. It was found that discrete values of coupling loss 
in a particular tunnel can vary by as much as 20 dB in random fashion with 
comparatively little dependence on distance from the line. Unless it is 
clear from the context that a discrete value is intended, the figures for 
coupling loss in this work accordingly refer to the worst-case conditions 
and are thus relevant in considering 'reliable' communication in the 
particular environment.
The principal method devised for measuring coupling loss is 
illustrated in Fig. 3j it uses equipment described in section 2.1. A 
Bantam radiotelephone set (RT), used as a base station, is contained 
within the screening box together with a step attenuator adjustable from 
outside. A finer adjustment of attenuation is provided outside the box, 
together with a balun transformer in the case of a bifilar line. Thus, a 
high and accurately set level of attenuation may be inserted between the 
radiotelephone set and the line, which itself is correctly terminated at 
the far end. A base station set up in this manner is shown in Plate 3»
In the earliest tests, the pip-tone device was also contained 
within the box; the base station then functioned usefully only as a 
transmitter with tone-pulsed carrier, and the mobile set was operated as a 
receiver. Later, when the microphone/speaker leads were brought out of 
the box through filters, it became possible to operate the method in the 
reciprocal mode, with the mobile set transmitting to the base station, and 
also to transmit speech or longer periods of carrier from the base station.
In tunnel conditions, a minimum line length of 200 m was 
determined to be generally satisfactory, with the coupling observations 
made near the middle of the run. Over such distance, the attenuation of 
tunnel-propagated signals and also of signals propagated on the line in 
•single-wire' mode is high enough to ensure that a ’steady state' condition
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screening box
Fig. 3: Measurement of coupling loss (method A)
Fig. 4s Measurement of coupling loss (method B)
exists at the observation point, with the ends of the line both out of 
effective range. Such considerations would not apply to tests carried out 
on the surface or in free-space conditions; in such cases the line would 
have to be very much longer before infinite-line conditions could be 
considered to prevail at the observation point and the actual length be 
disregarded as a factor affecting the coupling. It is primarily for this 
reason that all field comparisons of cables have been carried out in 
underground conditions.
In talcing a measurement of coupling loss with the mobile
radiotelephone set in a particular position in the tunnel (i.e. a 'discrete'
coupling loss) the inserted attenuation was adjusted to the limit ofireceived signal readabiljty as described for natural range measurements.
To this inserted loss was added the calculated allowance for the loss in 
the length of line between the base station and the observation point. 
Subtracting this figure from the system loss gave the coupling loss. The 
system loss, in:normal radiotelephone convention, is the ratio of the 
transmitted power (500 mW) to the received power (1 pV across 50 Q at the ' 
limit of readability) and with the figures quoted is 134 dB. The trans­
mitter and receiver characteristics themselves were checked as described 
for the natural propagation tests.
The second method, illustrated in Fig. 4, also uses equipment 
already described. In this case, the mobile set is used only in trans­
mitting unde for measurement purposes, although the unused reciprocal- 
frequency set may conveniently be used at the base station for two-way 
communication purposes without need for electrical connection to the line.
The measurement in this case is by the field-strength meter 
used as a microvoltmeter, with attenuation inserted in the line as 
necessary to bring the reading to a fixed or convenient point on the scale. 
With the inherent lower sensitivity of the field-strength meter by 
comparison with the previous method, additional screening is not normally 
required; it is necessary, however, to verify that the maximum attenuation 
inserted in series with the line is in fact effective, since more than 
40 dB is often not dependable when using ordinary braided coaxial cable on 
both sides.
The field-strength meter used in this way was calibrated in the 
laboratory against a VM79 r.f» millivoltmeter at each of the frequencies 
concerned. The calibration was in respect of signals fed from a 50 Q
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source; this condition was met in the tests by ensuring that at least 
20 dB of attenuation at this impedance was included, the necessary 
correction being made for any mismatch between the line and the 
attenuator pads. The sensitivity of the field-strength meter was found 
to suffer drastically if the battery voltage fell only slightly below the 
indicated minimum test reading on the scale, and this point had to be 
continually checked during the tests.
2.3 Measured natural ranges
In the context of this work, the term 'natural' in respect of 
radio propagation in a mine or tunnel is used to indicate the results 
achieved with no deliberate attempt to provide guidance or artificial 
propagation by the laying of a special conductor or line or by any other 
means. In practice, all such tunnels normally contain cables, wires, 
rails or pipes for some purpose or other, and these may contribute to the 
propagation observed. Any complete freedom from such conductors in 
particular cases will be specifically mentioned.
Mine roadways. The greater part of these natural propagation tests, like 
most of the subsequent transmission-line tests, were carried out in 
Bevercotes colliery, Nottinghamshire. In typical fashion, the region of 
this mine at the working level immediately around the bottoms of the two 
shafts, known in mining terminology as the 'pit bottom area’, is a complex 
network of mine roadways and connecting passages. From this area, there 
extends in one particular direction towards the working faces a parallel 
pair of roadways or tunnels, spaced JO m apart and connected at intervals 
by 'cross-cuts' or 'cross-gates'. These two main roadways are referred to 
briefly as the 'loco road' and the 'conveyor road'. The first is of 
normal mine roadway construction, ripped to a height of 4 m and width of 
5 m  and supported by steel arch girders at intervals of about JO cm. The 
flat floor carries a double set of rails for a diesel-hauled man-riding 
train and for trains of supply tubs. The second roadway is of similar 
construction but smaller cross-section (} m x 4 m), which further is 
restricted by a massive steel conveyor structure supported about 1 m from 
the floor between the tunnel centre-line and one wall. The other side of 
the tunnel carries the track and steel rope of a haulage system. Both 
these roadways also carry numerous wires and cables for power and signalling 
purposes. Their length was adequate to allow clear runs of over 1 km in 
each without bends.
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The cross-cuts between these roadways and the various passages 
in the pit-bottom area are generally of similar construction, of 4 m width 
but often restricted height. Some are interrupted by sets of wooden 
air-doors, soon proved not to affect radio propagation and so not 
mentioned further. All roadways are normally straight, except where bends 
are necessary to relieve the sharpness of junctions for negotiation by 
trains.
The results of the extensive natural-propagation tests in this 
environment followed a consistent pattern, the most striking general 
feature of which was the similarity of ranges achieved in line-of-sight 
conditions at the various frequencies used - 27, 80, 170 and 460 MHz.
The best ranges were recorded, not surprisingly, in the 
largest-section tunnel, the 5 m loco road. Here, distances of 450 m were 
covered at both 80 and 460 MHz, while at 170 MHz the figure was 340 m.
The 27 MHz range was lowest, at 200 m.
In the 4 m conveyor road, the 27 MHz range was again the lowest 
at 160 m, and the 460 MHz range was the highest at 270 m. At both 80 and 
170 MHz the figure was 200 m. These figures are typical of the results 
recorded for the many other passages of similar cross-section.
This similarity between the results over the wide frequency 
range of 27 to 46O MHz did not extend to propagation paths involving 
comers or sharp bends. The usual effect of a right-angle comer at 80 
or 170 MHz, for example, was to reduce a 4 m roadway range from 200 m to 
160 m, while round two corners in succession an overall range of 120 m 
could usually still be achieved at these frequencies. At 460 MHz, however, 
in only one exceptional case were two corners negotiated, with an overall 
range of 120 m; the effect of a single comer was usually to reduce a 
straight-line range of 450 m to 150 m.
■ Simple experiments of introducing variable amounts of additional 
path loss by means of adjustable attenuators between one communicating set 
(where necessary in the screening box) and its aerial showed that in all 
cases the range bore a logarithmic relationship to the transmitted power 
or receiver sensitivity. The straight-line path loss could thus be 
expressed in decibels per unit length of tunnel, as for a transmission line 
or wave guide. Moreover, 'end effects' of the path were insignificant, so
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that the unit path attenuation could be expressed by simply dividing the 
system loss by the path length. From the ranges quoted, such path losses 
axe seen to vary between 0.3 and 0.8 dB/m, using the calculated system 
loss figure of 134 &B.
The effect of a comer in the path may also be seen as 
inserting an additional discrete path loss, typically amounting to 
25 - 50 dB at 80 or 170 MHz, but often reaching 100 dB at 460 MHz.
figj-lyay tunnel. Eange measurements were also carried out in a disused 
railway tunnel at Voodville, Derbyshire. This was a substantially 
straight single-track tunnel from which all rails and cables had been 
removed, leaving no possibility of stray propagation of signals by such 
conductors. The cross-sectional area of the tunnel was somewhat greater 
than that of the 5 m B ever cotes mine roadway; the tunnel was smooth-lined 
with brick, and devoid of obstructions. (This tunnel is shown in Plates 
2 and 3 being used in some later transmission-line tests.)
In this case there was a marked dependence of the range on the 
frequency. At 27 MHz, the figure was no more than 30 m. The range at 
80 MHz, though substantially greater, was still only 150 m. At 170 MHz it 
had improved to 210 m, exceeding now the corresponding figure for the 4 m 
mine roadway but still less than that for the 5 m roadway. At 460 MHz it 
was possible to communicate the full length of the tunnel, about 250 m.
Discussion. The line-of-sight ranges in the various environments are 
summarized in Fig. 5, while Fig. 6 illustrates the tunnel cross-sections 
concerned. The inference from the results is that in the nine roadways 
the signals at 27 and 80 MHz are predominantly propagated by induced 
currents within the various cables and other conductors present. At 
170 MHz, this effect is less important and tunnel-propagation itself 
contributes substantially. At 460 MHz, where the losses in casual 
conductors may be considered high, tunnel propagation has effectively 
taken over and the range is determined solely by the dimensions of the 
tunnel. In the case of the railway tunnel devoid of conductors, tunnel 
propagation is the only means, showing up simply as range rapidly 
increasing with frequency as the waveguide mode is established. The 
greater cross-section and the smoothness of the tunnel shows up in the 
enhanced propagation at 460 MHz by comparison with the 4 m mine roadway.
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Support to this concept of a transition from conductor- 
guidance to tunnel-guidance with increase of frequency is lent by the 
difficulty of negotiating corners in the.mine environment at 460 MHz; at 
the lower frequencies the casual conductors were presumed able to guide 
a significant portion of the energy round the corners. Unfortunately, it 
was not possible to find a usable mine or tunnel with comers and an 
absence of any guide conductors, and so investigate the ability of the VHF 
signals to negotiate corners in such conditions.
It is interesting to compare these results and inferences with 
those reported by Monk and Winbigler in their original paper*. They were 
concerned with propagation in train-occupied single-track tunnels and 
concluded that a 'worst' frequency for this purpose lay in the region of 
200 MHz, with range improving rapidly on either side of this frequency.
At 40 MHz, for example, a path loss of 3.6 dB/100 ft is quoted. This 
represents a range of over 1 km with the powers they were using and would 
seem to conflict seriously with the present findings. However, the tunnel 
is said to contain a 'trolley wire', which would be a traction supply line 
and thus very well insulated throughout its length. Moreover, a diagram 
shows the aerial on a train carrying the mobile test station to be mounted 
extremely close to this wire. It may thus be assumed that the reported 
propagation at 40 MHz was line assisted.
2,3.1 Propagation in shafts
Tests have been carried out in the vertical shafts of a number 
of mines during the investigation, the most extensive of these again being 
at Bevercotes colliery.
Following normal practice, this pit is served by two shafts 
separated by some 80 m. Each shaft is approximately 1000 m in depth; it 
is circular, with a diamter of 7*3 m, and lined with reinforced concrete, 
behind which is a steel shuttering. Each of the two cages in the shaft is 
hung by four steel ropes; these are 4.7 cm in thickness, 39 cm apart and 
in one plane. Below the cages and linking them hang two steel balance 
ropes 7.7 cm in thickness and 1.2 m apart. There are also heavier steel 
guide ropes running all the way down the shaft.
At the time of the main series of tests the 27 MHz equipment had 
not become available and so observations were restricted to the frequencies 
of 80, 170 and 46O MHz; they were commenced in No. 1 (downcast) shaft. On 
all three frequencies, good signals were exchanged between pit top, about
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1 m Irom the shaft, ahd the pit-bottom level, again about , m removed from 
the shaft. At each of these levels the normal wire safety fences were in 
position and had to be penetrated by the .signals. It was also possible to 
communicate with a traveller in the cage from both positions during the 
whole of the descent, bsing the low-band (SO MHz) equipment only it was 
possible to extend the range at the lower level by about 100 m in the 
horizontal direction, to the entrance of an underground control room* 
signals from a position within this room (round one further corner) were 
received in one direction only, suggesting this to be the range limit.
The tests were then extended into the shaft sump, reached by a 
ladder and some 40 m below pit bottom level. Good signals were exchanged 
between pit top and the sump using the 80 MHz equipment. With the 170 MHz 
equipment, communication was obtained but with indications that the range 
limit had been reached. With the 460 MHz equipment no communication was
obtained.
In view of the marked superiority of the low. band (80 KHz) in 
these tests, it seemed likely that the propagation was mainly by a 
transmission-line effect, with the multiple winding and/or balance ropes 
forming multi-wire or two-wire transmission lines. In this shaft, the 
balance ropes do not reach down as far as the sump but hang with their 
bights about 15 m above it. In No. 2 shaft, however, the balance ropes 
reach almost into the sump. If these ropes were providing the propagation 
means, therefore, better communication would be expected into the sump in 
No. 2 shaft than in No. 1. If, on the other hand, the balance ropes were 
not a major factor then worse communication would be expected since No. 2 
is a slightly deeper shaft (by about 20 m) and the distance from pit 
bottom to sump is also greater (50 m).
The tests were therefore repeated using No. 2 shaft, and the 
results were significantly better. Again, communication between pit top 
and sump was not possible at 460 MHz. With the 80 MHz sets, however, 
communication was obtained from pit top, by way of the shaft and sump, 
thence through a sequence of four steel air doors into the sump drift. 
With the 170 MHz sets, only one of the steel doors was negotiated.
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Discussion. It is concluded from these tests that propagation at all 
three frequencies is most likely by means of a transmission-line effect 
of the winding and balance ropes. The characteristic impedance of the 
transmission line formed by the winding ropes is calculated to be 330 Q 
and the attenuation to be 12 dB/km at 80 MHz or JO dB/km at 46O MHz. For 
the balance ropes, the corresponding figures are 406 Q, 6.3 dB/km and 
16 dB/km. Over the full depth of the shaft, therefore, the maximum 
transmission loss suffered in these steel ropes would be 12 dB at 80 MEIz 
or 30 dB at 460 MHz. This leaves about 122 dB or 97 dB respectively 
available for the various other losses, including coupling losses into and 
out of lines, transitions between lines to negotiate the cages, and also 
end effects. These two figures are not so markedly different as to 
suggest in themselves the reason for the considerably improved propagation 
at 80 MHz over that at 460 MHz, especially, as will be seen later, the 
coupling losses at 460 MHz might well be expected to be lower. It seems 
likely that the end effects - the coupling of signals into and out of the 
shaft itself and the penetration of the wire fences - are more easily 
overcome at the lower frequency, with the assistance of casual conductors 
as propounded for the roadway propagation. It is also possible that the 
cage itself, at the transition between the two types of transmission line, 
is less of an obstacle at the lower frequency and avoids the need for an 
intermediate coupling in the shaft to bypass the cages. These points are 
illustrated in Fig. 7.
The Bevercotes shafts are as deep as any in the United Kingdom. 
Subsequent tests have been carried out at many other shafts of lesser 
depths; in all cases the superiority of the VHF channels (80 and 170 MHz) 
over the UHF (460 MHz) was repeated, and no shaft has been encountered 
which defied VHF propagation. In one unusual case, a cloud of steam from 
a methane-drainage plant filled the entire cross-section of the shaft at 
one point a short distance (less than 100 m) below pit top; communication 
was lost with the cage as it passed this point but was regained below it, 
supporting the theory that the signals are line-propagated.
Not all shafts follow the same winding arrangements as described 
for Bevercotes. In particular, it is more usual for the winding and 
balance ropes to be single, and this was so in many of the other shafts 
investigated. In such cases, it may be postulated that the ropes on the 
separate cages together form a two-wire transmission line or alternatively
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that the ropes separately behave as single-wire lines forming a type of 
'quasi-coaxial' line in conduction with the shaft lining.
It will be appreciated that in all these tests it was strictly 
not possible to interfere in any way with the winding arrangements. Nor 
has it proved possible for the two cages to be stopped in the shaft along­
side each other, to establish the effect on propagation. During normal
winding, the speed is such that any transient effect as the cages passed 
would not be noticed.
Application. As a direct and immediate outcome of this particular phase 
of the work, VHF radio has been adopted as a communication means in NCB 
mine-shafts for emergency and routine maintenance operations. It is 
steadily replacing the primitive methods of signalling previously in 
general use; these were often by heavy blows on the winding ropes them­
selves. Arrangements have been made with manufacturers to have selected 
types of personal radio sets certified in Class 1 for mining use. The 
frequency band chosen for this particular application is the VHP high band 
(170 MHz) t this has proved generally almost as efficient for the purpose 
as the low band (80 MHz) and has the important advantage that the aerials 
on the sets are only half the length (approximately 15 cm in the 'helical 
spring' configuration). The actual channel sought and granted for this 
use is 169.050 MHz; this is a frequency available to the NCB for special 
surface applications, and so allows a wider utilization for the sets.
2.3.2 Propagation on the coalface
Comparatively few tests were carried out on the coalface itself. 
In this area, conditions vary widely according to the thickness of the 
seam being worked and the particular mining equipment used, but generally 
resemble a long tunnel through, a forest of self-advancing hydraulic roof 
supports; height is typically between 1 and 1.5 m, effectively reduced a 
further 0.5 m by roof-bars above and advancing rams below. Length of the 
face is usually between 150 and 250 m. Cables of various types are 
normally in abundance but are effectively shielded by being contained for 
protection in a steel trough attached to the massive conveyor structure.
On a typical face at Bevercotes, using either the 46O MHz or 
the 170 MHz sets, consistent ranges of 60 m were obtained. The 80 MHz and 
27 MHz equipment was not cleared in respect of intrinsic safety for use on 
the coalface itself and so tests at these frequencies could not be made.
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Although strictly outside the context of 'natural propagation' 
as defined previously, it is convenient to record here that a 180 m length 
of ribbon-type 300 Q twin feeder was then laid through the crawling way 
between the supports and suspended in temporary fashion. No direct 
connection was made to this feeder, but its presence extended the range on 
both 460 and 170 MHz to 200 m, that is the length of the feeder with an 
overspill at each end.
A further length of feeder was then coupled up and taken round 
the 'lip' at the end of the face and along the return-air roadway for a 
distance of 150 m. Communication was then achieved over the whole length 
of the feeder, about 370 m, at 170 Mffia only. Towards the ends of the 
feeder standing waves on the line were apparent (it was not terminated) 
and close proximity to the feeder at some points near the ends was 
necessary for communication.
On a subsequent visit to the face, with the 460 Mils equipment 
only and no feeder laid out, an unassisted range of 80 m was obtained.
The face was then in process of abandonment, and the improvement on the 
previous unassisted range of 60 m is attributed to the fact that a large 
amount of ironwork (conveyor, cable handler, cable trough, etc.) had been 
removed, substantially increasing the cross-section area of the direct 
propagation path.
Following these demonstrations, personal VHF radiotelephone sets 
have been successfully used by field trials engineers to maintain 
communication between themselves over short distances on the coalface and 
in the vicinity, laying temporary feeder where necessary. Otherwise, these 
limited tests on the coalface have had little immediate practical outcome 
except to show that the radio control of coalface machinery over very short 
distances is feasible at both VHF and UEF without a laid transmission line, 
and independent work has been proceeding on this application.
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2.4 Bifilar transmission lines
The first tests of the transmission-line principle for its 
potentialities in mining were also carried out at Bevercotes. A standard 
'ribbon feeder' was used, type T3101 manufactured by BICC Ltd. This 
comprises two 14/0.19 mm stranded conductors of plain annealed copper 
embedded in a polythene ribbon and spaced 10.5 mm between centres. The 
overall cross-section dimensions of the resulting cable are 12.2 x 2.0 mm 
and its characteristic impedance is nominally 300 Q,
The published data for this cable includes the following 
characteristics for longitudinal attenuation:
frequency, MHz 1 10 100 200
attenuation, dB/100 m 0.55 0.98 5.9 5.9
These figures are found to fit the relationship:
attenuation «■ 0.32f^ + 0.0068f dB/l00m
where f is the frequency in MHz.
The expression is of the normal form for radio-frequency cables, 
the first term representing the copper loss and the second the dielectric 
loss. Substituting the appropriate values for f yields the expected 
attenuation figures for the frequencies of particular interest:
frequency, MHz 27 72 85 170 460
attenuation, dB/100 m 1.85 5.2 5.5 5.55 10.0
Several kilometres of this cable was specially supplied by the 
manufacturer in minimum lengths of 500 m. Initially, a 900 m length was 
laid in the conveyor roadway, secured to the arches by means of the special 
clips described and hung so that it did not approach the arches closer 
"than 10 cm or run closer than 20 cm to any parallel conductors. The 
line was not terminated at either end.
Reliable communication was obtained between mobile sets at 85 
and 170 MHz over the whole length of the feeder, with an overspill of 10 m 
at each end. In this mode of operation the line is used as a passive or 
•parasitic* re-radiator, involving two coupling losses in series with the
40
line attenuation. Subtracting the expected line attenuation from the 
transmitter-receiver system loss (134 SB) suggests that the sum of the two 
coupling losses can be no more than 102 dB at 85 MHz or 86 dB at 170 KHz. 
Dividing these quantities equally between the two couplings in each case 
gives maximum single coupling-loss values of 51 and 43 dB respectively; 
these are significantly lower, than the directly derived figures for single 
coupling losses given later. The parasitic-feeder mode of operation, and 
the validity of coupling-loss values derived from it, is discussed further 
in section 2.8.2.
At 460 KHz the parasitic feeder gave no improvement in range 
over the 270 m achieved without it, and so no useful deduction can be made 
in this case except that the sura of the two coupling losses was always in 
excess of 100 dB or the line attenuation was higher than estimated.
2,4.1 Measured attenuation
Intermittently over a period of sixteen months, extensive 
attenuation checks were made on lengths of ribbon feeder installed in the 
two main roadways at Bevercotes. These lengths, totalling 900 m in each 
roadway, were laid and tested in stages. For range demonstration 
purposes, they could eventually be connected together throughout to form 
a single open or closed loop of 1800 m, and also to various other lengths 
which were laid in the pit-bottom area. For measurement purposes, 
however, it was generally more convenient to work with shorter lengths. 
Where the flanges of the arch-girders were accessible, the arch clips 
already described were used; in one section of the loco road, however, the 
walls were shuttered smooth and over this length the feeder was simply 
hung initially in existing j-type cable hangers along and in contact with 
various other cables.
Host of the tests were at 85 or 170 MHz, with a few at 27 MHz 
as suitable equipment later became available. The upper frequency limit 
of the balun transformers (3OO MHz) prevented useful measurements being 
made at 460 KHz.
The results obtained are presented in Table 1. The third column 
indicates the roadway in which the cable under test was installed and 
identifies each particular sample by a reference letter. The cables were 
not deliberately moved or disturbed between tests,.except as indicated in
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Table 1 : Attenuation measurements on ribbon feeder
ref date road length, m & ident. freq.
atten. 
cLB/100 m remarks
1 1/4/68 conv 260 A 170 7.8 (sp)
2 > 9 9 9 440 B 170 6.2 (sp)
3 > » 9 9 440 B 85 4.2
4 2/4/68 9 9 440 B 85 4.2
5 » » 11 440 B 170 6.75
6 29/5/68 loco 240 C 85 9.5 (sp) in cable hangers
7 » 9 9 9 240 C 85 10 +
8 i » 9 9 240 C 85 11.5 (sp) in cable hangers
9 » 9 9 9 240 C 170 19.5 (sp) in cable hangers
10 > » 11 270 D 85 6.9 (sp)
11 9 9 9 9 270 D 85 4.9 (sp)
12 9 9 . 9 9 270 D 85 3.74 (sp)
13 9 9 9 9 270 D 85 3.65 (sp)
14 * » > » 240 C 170 19.5 (sp) in cable hangers
15 » » 9 9 270 D 170 6.75 (sp)
16 9 9 9 9 270 D 170 6.8 (sp)
17 9 9 9 9 900 85 5.15 (sp) lengths C+D+E
18 9 9 conv 900 85 5.2 (sp) lengths A+B+200m
19 30/5/68 loco 510 170 7.1 (sp) lengths C+D
20 » i 9 9 510 170 7.2 +
21 9 9 9 9 390 E 170 9.4 (sp)
22 9 9 9 9 390 E 170 9.75 +
23 • t 9 9 510 85 4.14 (sp) lengths C+D
24 * » 9 9 390 E 85 5.0 (sp)
25 » » » > 390 E 85 6.4 +
26 6/6/68 conv 440 B 85 4.35 (sp)
27 » » 9 9 440 B 85 4.35
28 » » 9 9 440 B 170 6.85
29 » » i * 260 A 85 4.5
30 9 9 • » 260 A 170 7.7
- continued
Table 1 (continued)
ref date road length, m & ident. freq.
atten. 
dB/lOO m remarks
31 3/7/68 conv 260 A 85 4.1
32 9 9 9 9 440 B 85 4.1
33 1» 9 9
0ONKN E 85 5.9
34 » » 9 9 700 85 4.2 lengths A+B
35 9 9 9 9 700 85 4.5 +
36 9 9 loco 270 D 85 4.0
37 9 9 9 9 270 D 85 4.1
38 13/ 11/68 loco 470 G 85 4.0
39 10/ 12/68 9 9 470 G 85 6.1 one core of feeder o/c
40 11/3/69 9 9 420 G 85 4.0 shortened by theft
41 9 9 9 9 420 G 27 2.65
42 6/5/69 9 9 420 G 85 3.9 twisted
43 9 9 9 9 420 G 27 2.3 twisted
44 27/8/69 9 9 420 G 85 3.9 twisted
45 9 9 9 9 420 G 27 2.3 twisted
Notes: sample G is a special feeder, identical to type T3101 but for
•a flame-retardant dielectric
(sp) denotes use of spike probe
•+ - denotes repeat of preceding test with source and 
measuring instrument transposed
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the remarks column. Entries in the ‘frequency* and ‘attenuation* columns 
have been staggered according to frequency to facilitate comparisons.
In general, it will be seen that the measured attenuation at 
all frequencies is somewhat higher than the expected values. The 
excesses are attributed to additional losses arising from the inevitable 
proximity of conducting and lossy-dielectric objects and substances. This 
is particularly evidenced by the measurements carried out on the 240 m 
length (B) which was laid in the cable hangers. More specifically, an 
analysis of the results of tests 1 - 37»  which were all carried out on 
feeder from one consignment, shows a mean attenuation of 4.65 dB/100 m at 
85 MHz if the exceptionally high results from the feeder in the hangers 
are excluded. This is 33$ higher than the expected value; the corresponding 
mean value for the 170 MHz results is 40$ higher than expected, at 
7 .5 dB/100 m. Looking now at the results for the feeder in the hangers, 
these figures are in turn higher than the general results by factors 
ofv 2.2 and 2.6 respectively for the two frequencies. The consistent 
tendency, therefore, is for the attenuation to be core adversely 
influenced at the higher of the two frequencies.
This tendency did not extend to some later comparisons made 
between the frequencies of 85 and 2J MHz, shown in tests 38 - 45, These 
were carried out on a specially made feeder, identical to type T3101 but 
for a flame-retardant polythene dielectric, and forecast by the manufacturer 
to have substantially the same attenuation characteristics. In this case 
the feeder as originally laid showed an attenuation figure 14$ higher 
than expected at 85 MHz, while at 27 MHz the excess was 43$» The feeder 
was then twisted tightly over the whole of its length with a pitch of 
■J5 cm per complete twist, in order to improve the balance and reduce 
extraneous losses in similar manner to the transposition of open-wire 
telephone lines and aerial feeders. The improvement in attenuation at 
85 MHz was barely discernible - a reduction of the excess from 14$ to 12$,
At 27 MHz, however, the excess improved from 43$ to 25$.
The indications, therefore, are that the attenuation of the 
feeder at 85 MHz is less susceptible to external influences than it is 
at either 170 27 MHz. In this respect it would thus appear to display
an optimum frequency, suggesting the operation of at least two frequency- 
dependent factors in opposing senses. In view of the different bases of
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comparisons at 2J and 170 KHz, however, it would not be legitimate to 
draw firm conclusions from the limited tests conducted.
The question of feeder balance and the effects of twisting are 
discussed further in chapter 2.5. The question of optimum frequency, 
talcing wider considerations into account, is discussed fully in 
section 2.8.5»
During the course of one series of tests a high and violently 
fluctuating attenuation reading was obtained from one of the feeders. 
Immediate investigation along the particular length disclosed operations 
being carried out with a water hose at one point, effectively drenching 
the feeder over a distance of some tens of metres. When the feeder had 
subsequently dried the attenuation returned to normal.
More seriously and permanently, the 590 m length (E) at one 
time received a thick coating of whitewash over a distance of several 
metres towards its inbye extremity. The feeder was not subsequently 
cleaned or replaced; nor was its condition immediately noticed but is 
presumed to account for the results recorded for that length being higher
than normal.
An abnormally high attenuation result at 85 MHz for length G 
(test 59) was attributed to a break in one core, subsequently discovered 
and repaired. The result thus indicates that the effect of such a break 
is to introduce an additional attenuation of 10 dB.
2.4.2 Measured coupling losses
Coupling-loss measurements were carried out on the ribbon 
feeders installed in the loco road and conveyor road at Bevercotes, 
generally in conjunction or interspersed with the attenuation measurements 
described in the preceding section. In all these cases, method A 
(section 2.2.4 and Fig. 5) was used, the field-strength meter at that time 
not having been acquired. Measurements were normally made at 170 MHz and 
72/85 MHz (combined as '80' MHz); later, limited tests were made at 27 MHz. 
The upper frequency limit of the attenuators and the balun transformers 
(3OO MHz) agM" prevented useful measurements at 460 MHz, though one range 
observation is recorded.
In this thesis and elsewhere the term 'coupling loss' is 
generally used by the writer to denote a worst-case or 'reliable' value in
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respect oi local variations are to multipath propagation effects. In 
this section, however, where such variations are themselves a subject of 
observation, it is necessary to record end refer to discrete values of 
coupling loss relating to particular points in a given locality. These 
will generally be recorded in groups or as ranges of values, and it will 
be made clear when isolated figures relate to maximum or -reliable' valuer.
Ihe results recorded in Table 1 apply to the ribbon feeder 
installed in 'careful' fashion, using the clips described to preserve the 
previously defined clearances from arch girders and parallel conductors, 
or in some oases by suspending the feeder from suitable anchorages in 
loops of nylon cord. Coupling loss measurements were not made on the 
length of feeder (C) in its original position in the cable hangers. In 
oases where a range or number of observations were made in one particular 
cross-section plane of the roadway, these are recorded and related where 
applicable to the positions depicted in M g .  8. For ease of comparison 
the worst (maximum) value in each group is underlined. The single „.-«.L, 
values recorded in other tests may be included in such comparisons, with 
the reservation that these are all 'sought-out' maxima over the whole of 
the roadway section as opposed to the selected rnmHrrm 0£ gr0Ups oi> 
discrete readings. In all the readings, a minimum distance of 45 csn was 
preserved between the mobile aerial and the feeder so as to avoid taking 
undue advantage of any near-field effects.
The results of tests 7 - 1 0  show a wide variation in coupling 
loss across the roadway profile, amounting to between 11 and 17 dB. In 
other tests, where maxima and minima have been sought out deliberately, 
variations up to 20 dB have been recorded. Similar 'profile variations' 
occur in lateral propagation down side tunnels, discussed in a later
section (2.8.1).
After one test (1 1) it was discovered that one core was open- 
circuited at a point about 100 m towards the source from the test locality. 
The test was repeated (12) after this break had been repaired, and an 
Improvement of 10 dB was shown in the maximum coupling loss recorded.
The inference from this, that the effect of a break in one core is to 
introduce an additional line loss of 10 dB at that frequency (80 MHz), is 
in agreement with the findings by direct attenuation measurement in a 
similar case (section 2.4.1).
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Table 2: Coupling loss measurements on ribbon feeder
ref date road freq.MHz
coupling losses 
dB remarks
1 26/3/68 conv 170 56 maximum
2 » » » » 170 52 maximum as (1), changed location
3 9 9 9 9 80 53 maximum
4 9 9 » » 80 57 maximum as (3), changed location
5 2/4/68 » » 170 31, 46, 51
6 » » » » 80 4 5 -5 6
7 29/4/68 » » 170 61, 51. 55, 62, 55 \positions 1-5 respectively
8 » » 9 9 170 52, 58, 54, 49, 66 as (7), changed location
9 V » 9 9 80 62, 54, 55, 45, 44 positions 1-5 respectively
10 > » » » 80 43, 51, 39, 48, 39 as (9), changed location
11 30/4/68 » i 80 63 maximum one core o/c 100 m back
12 > » » » 80 53 maximum feeder repaired
13 27/11/68 loco 80 55 maximum
14 1/4/69 t * 80 60 maximum
15 » » 9 9 27 65 maximum
16 » i » » 460 •" • reliable range 560 m
Pig. 8: Test positions in conveyor road
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The recorded range for the single 460 MHz test (15) involves two unknowns 
(attenuation and coupling loss) and so strictly does not allow any 
confident estimate of either. On the tentative assumption, however, that 
the line attenuation might be 5CF/0 higher than the calculated value, the 
coupling loss appears as 43 dB; if the line attenuation were as calculated 
the coupling loss would be 71
From the results in general it will be seen that the coupling 
loss is a very variable quantity, most of the fluctuations being 
apparently random and masking, for example, any dependence on frequency.
It would appear, however, that at 80 and 170 MHz the figure of 60 dB may 
be taken as a working 'reliable1 figure for coupling loss in the 
particular types of mine roadway where these tests were conducted; with 
less confidence the same figure may be adopted for 27 MHz.
2#5 Significance of unbalance in bifilar lines
Whereas it has been shown necessary to consider the maximum or 
worst-case values for coupling losses in determining the reliable range of 
a transmission-line system, it is the mean value which is more relevant in 
any theoretical attempt to correlate the equivalent external fields with 
the power being transmitted within the line. To an approximation based on 
the results quoted, such mean values may be taken as 10 dB lower than the 
corresponding maxima, leading to a figure of 50 dB. It is difficult to 
reconcile such a value, in terms of an external field associated with the 
line, with usually quoted properties of balanced two-wire transmission 
lines. Some authorities, in fact, declare simply that a perfectly 
balanced transmission line does not radiate any energy. But Sterba and 
Feldman6 give an expression for the total radiation from such a line:
radiated power = 160I2( ~ ) 2
where —  is the wire spacing in wavelengths.
This is seen to be independent of the length of the line, and 
so for an infinite line the observed radiation field near any part could 
1 1  be expected to be infinitesmal. The expression is quoted by Farmer 
and Shepherd'*, who assumed it accounted fully for the fields observed, 
m e r e  would appear to be, however, other possible components of the
external fields:
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S r d:notinoiudesinthe« * » » 1 « ,, “  ' both radiation and induction, resulting iron a
lack of perfect balance in the transmission line.
of el f ! Se0°nd 0i th6Se P0SSlMlitJes *» Particular appeared worthy
of closer study, and suggested an intriguing mechanism by which the
transmission line might be providing the proved propagation assistance.
. 1 1  b A f r " * " 1“  U n e  ^  “lth " taianCed * « » *  a* one end o lid  well be expected in practical conditions to develop unbalance or 00^
mode components m  the course of its propagation along the line as a 
direct result of asymmetric stray leakages and capacitances batmen each 
wire and earth. Such unbalance currents could produce vastly greater 
external fields than balanced currents of the same magnitudes, they would 
however be qurckly attenuated, and in the absence of continued unblanoinl 
influences the line would soon revert to its balanced condition. On the * 
assumption that such unbalancing factors would in fact normally be present 
in varying degrees along the line, there would thus always be present a 
common-mode component in the signal as the predominant cause of the 
observed external fields. In the converse direction, it is postulated that 
energy radiated or coupled by a mobile transmitter would in the first 
instance induoe a common-mode signal in the transmission line Bv th 
same asymmetries of the line, a balanced component would be J *
before the original common-mode signal became dissipated, this balanced 
component would then propagate to the fixed receiver with the 
characteristic low attenuation of the mode. In the case where the lin 
la used as a parasitic re-radiator to a second mobile set, a further 
mode-conversion is invoked.
2*5*1 Evidence of mode-conversion
To resolve the matter for tvnlcai mi**, ~^ i c a l  mine conditions, tests vere
carried cut in the loco road at Bevercotes. Per the measurement of the 
postulated unbalance or common-mode voltages on the line, the specially 
constructed millivoltmeter probe described in section 2.,., was used. Iho 
technique, simply, was to feed a signal into one end of a length of feeder 
in normal balanced mode, through a b a l m  transformer, and to measure the 
common-mode voltage appearing between the load centre-tap and earth at the 
far end. Balanced voltages reaching the far end were measured in the 
normal way as for attenuation measurements. It was considered that a
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minimum test length of 400 m should be adequate to ensure that any initial 
lack of balance at the source could not itself propagate to the far end as 
a common-mode signal throughout. To verify the converse effect, the 
generation of a balanced-mode component from an initial common-mode signal, 
the output from the base transmitter was applied directly between the 
commoned wires of the line and earth.
The results of these tests are shown in Table 3« The first 
(1 and 2) were isolated checks carried out on the 900 m length (C+D+E, 
Table- 1), as soon as the special probe had been constructed. It yielded a 
positive result which was taken as an interim indication that spontaneous 
common-mode components could in fact be developed as postulated and 
account for the observed coupling. In the renewed tests a year later 
(3 - 8) the converse mode-conversion process was also investigated, 
together with the effects of twisting the feeder. These later tests were 
all at 85 MHz.
Recorded terminal voltages in all cases are the actual line 
voltages appearing at the termination, the appropriate correction for the 
balun transformer ratio having been applied in the case of balanced 
signals. Reliable readings below 2 mV could not be obtained using the 
VH79 meter, accounting for the uncertainty in test 2.
In the cases where the line is driven in balanced mode 
- 4, 7) the conversion factor is obtained simply by dividing the two 
terminal voltages, unbalanced and balanced, since the conversion being 
observed must be taking place at that end of the line. In the converse 
case, however, the balanced output signal must be referred back to the 
source by allowing for the known line attenuation in that mode (Table 1), 
since the conversion must be taking place at that end before the common­
mode signal becomes dissipated.
The results in Table 3 clearly show the high order of mode- 
conversion which takes place in typical mine conditions with the feeder 
carefully laid, and also the reduction in mode conversion on twisting the 
line, which in this case was by one complete twist every 15 cm.
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Table 5: Unbalance measurements on ribbon feeder
date 1/4/68 6/5/69 7/5/69
fr eq • , 85 170 85 85 85 85 85 85
line length, m 900 900 420 420 420 420 420 420
line condition untwisted untwi.sted twisjted
feed mode baianeed baianeed unbalanced bal unbal
term» mV, bal. 40 6.5 1570 810 67 81 1570 22.4
term. mV, unbal. 
mode conversion
10
25$
<2
<5 0%
500
19$
200
25%
5
10$
5
•12$
50
5$
12.5
5%
reference 1 2 3 4 5 6 7 8
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Having established that an appreciable degree of mode 
conversion in bifilar lines takes place in practical conditions, typically 
amounting to a 25c/o common-mode component from an initially balanced line, 
it was necessary to determine the significance of such common-mode 
components by comparison with the balanced mode in terms of the resulting 
external coupling. With this objective, both experimental and theoretical 
investigations were made.
The practical assessment consisted of careful comparisons of 
coupling losses to a mobile set, with the same 420 m length of feeder in 
twisted and untwisted configurations in turn. The method was the usual 
one of feeding a signal into the line from a Bantam radiotelephone set 
contained within the screening box and actuated by the pip-tone generator 
to produce periodic bursts of tone-modulated carrier; attenuation was then 
adjusted at the source to produce marginal reception at the mobile set, 
and the coupling loss thereby calculated.
In these tests, however, it was felt that a more accurate 
measurement of coupling loss was desirable if significant results were to 
be achieved. The opportunity was therefore taken to try out a method of 
estimating reliability of communication in a particular set of circum­
stances by using a ‘pip-count’. The pip-tone device produced pips at a 
constant rate of 50 in 80 seconds. Reliability could therefore be 
assessed on a quantitative basis by walking in random fashion in the 
particular locality and counting the pips received in a period of 80 s. 
Counts were taken with the line in three conditions, (a) twisted with a 
15 cm pitch and taut, (b) untwisted but consequently sagging close to an 
iron pipe, and (c) untwisted with the slack taken up.
These results are shown in Table 4. In spite of the inevitable 
lack of precision in such measurements, it is clear that the effect of 
twisting the line is to reduce the external fields by some 10 dB if the 
line in both configurations is maintained taut and clear of extraneous 
conductors. The effect of a 'careless* laying of the line, in this case 
by allowing it to sag about 20 cm from a parallel water pipe, is to 
increase the coupling efficiency by a further 10 dB over the untwisted 
configuration. This bonus, of course, is gained at the expense of an 
excess attenuation within the line, as shown in chapter 2.4.
2.5.2 Observed effect on coupling loss
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Table 4: Line configuration and coupling efficiency
inserted cLB 40 50 60 70 80 90
line twisted, taut 100JÓ 605i 10 io 0
line untwisted, taut 9&/o 505S 25$ 0
line untwisted, sagging SOP/o 55$ 18/0 0
frequency: 85 MHz
53
The measurements in Table 4 were taken with the aerial on the 
mobile set retracted to 30 cm for convenience. With an experimentally 
derived correction of 10 dB applied for this factor, the results yield the 
following figures for coupling losses to a mobile set with a full aerial 
at 85 MHz s
line twisted, taut: 70 - 75 clB
line untwisted, taut: 60 - 65 dB
line untwisted, saggings 50 - 55 ¿LB
The difference of 20 dB between the extremes of these 
configurations represents a ratio of 10 in the corresponding coupled 
voltages. Prom Table 3 the mode conversion factors are seen to vary in 
substantially the same proportion, confirming that the external coupling 
is substantially through the common-mode component»
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2.5.3 Theoretical significance
To assess theoretically the significance of unbalance currents 
in a bifilar transmission line the external field due to two closely- 
spaced parallel wires carrying equal and opposite currents will be
compared with the field which would result from one of those wires acting 
by itself.
Fig. 9? Diagram for bifilar field study
r*1 rig. 9» XY and X'Y' represent the two conductors of a 
bifilar transmission line carrying balanced currents +i and -i.
The field component at a point P, distance D from the line, due 
to the current i flowing in the element dl of wire XY is given by the 
standard expression:
$H - i dl sin 6
where r and 6 are as indicated 
meanings.
sin m(t 
4nr2 
in Pig.
• f ) cos u>(t -
2Xr
9, and K and w have their
( D
usual
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Substituting for sin 0
SH i D d l
sin w(t - —) cos w(t - —)x c/ . c
4ir'' 2Xr*
For later convenience this will alternatively be written as
(2)
5H - A + B . . (3)
The point P will be assumed to lie in the plane of the two 
wires and the velocity of the wave motion in the space between the two 
wires will be assumed equal to c (i.e. as for air dielectric).
For the second conductor X'Y*, gH is modified to £H' by 
substitution of (r + St ) for r, where £r^> r and also $r<£\, and taking 
account of the reversed sign of the current:
$H* - - i D d l sin u(t - f  - cos u(t - f -— + p
4*(r + Sxr 2\(r + St ) (4)
The appearance of St in the denominators of (4) represents the diminished 
amplitude directly due to the increased distance from P, while the 
appearance of Sr in the numerators represents the additional phase 
retardation in the effect at P.
The net field component dH at P due to both elements dl is 
given by summing equations (2) and (4). Applying the principles of
differential calculus to this summation and using standard trigonometrical 
transformations we obtain
dH i D dl sin <o(t -J )_ ^  °°° -  !> f2fc.
' r ' + . . 2  ' ' r '4 nr' 2Ar
cos u(t - — )c/ /<frx sin “Ct - “) sin «(fj) - ----------2
2rtr —  \r
By comparison with (2) and (3), and taking sin m(|^) 
we may write more simply
- sin u(|j) (5)
dH B Xu Sr 2crir a 2 nr u fa cA (6)
and since co\ « 2nc this reduces to
56
dH * > r
By analogy with (3), this will be written
dH - A« + B ’
(7)
(0)
Prom (2) and (3), since A and B are in quadrature the modulus 
of the field due to the single-wire element is given by
|s h| - ( |a |2 + |b |2)^
Prom (2), |b| - ^ w
so that M - |a | (1 +
(9)
do)
Similarly, from (7) and (a), since A,and B are in quadrature 
then A' and B* must likewise be in quadrature, so that
H - ( |A»| 2 + (b .|2)*
Writing in for A« and B* in terms of A from (7) (Q) and (9)
—
9M  - W l ?  + + n s i s & (1 1 )
Dividing (10) by (11) and putting r - s sin 6 (from Fig. 9) gives
(say) F f ■
|dH[
M
or for easier reference
- s
A 2 2 2  ,  2 49\^ + 12n X r + l6rt r*
,4 2 , 2.2 4k x  + 4* k x
i
sin e (12)
sK sin 0 (12a)
The quantity F' represents the field which would exist at a given 
point due to an element dl of bifilar line in terms of the field due to a 
substituted element of single wire carrying the same current as one of the 
wires of the bifilar line.
To establish the corresponding ratio (which would be denoted by 
the unprimed symbol F) for extended lines it would be necessary to revert 
to equations (2) and (7) and integrate each of them over the appropriate
57
range of r. This has not been pursued; however, useful conclusions can 
be drawn from a further examination of equation (l2)/(l2a) and deriving 
limiting values for practical cases.
1*0111 (12) it can be shown that, for given values of s and sin ©, 
dF*the value of is always negative, indicating that F* always decreases 
with increasing r. The lowest value of F' is then obtained as r -^ co, 
when
F* -» — ■ sin 6 . . (13)
In the direction of decreasing r, there is no practical interest 
in the field closer than, say, 1 m to the line, since it has now been 
shown to be increasing in that direction and in a practical system reliable 
communication must not depend on a closer approach to the line. Since r 
cannot be less than D, the smallest value of r of practical interest is 1 m.
Similarly, the wavelength X may be given a lower practical limit 
of 1 m, corresponding to a frequency of 300 MHz, since at values well above 
this figure increasing longitudinal attenuation with frequency for practical 
lines has become the controlling factor in the range of a system, and there 
are no compensating advantages in using higher frequencies.
Within these limits, curves have been plotted from equation 
(12)/(12a) for K against r and X, as shown in Fig. 10. From these it may 
be seen that for all relevant cases the value of the quantity K does not 
exceed 3. A typical value for the spacing s in a ribbon type of bifilar 
line is 0.01 m. Putting these values in (12a) gives 0.03 as a maximum 
value for F 1.
It has been specifically assumed in this treatment so far that 
the point P at which the field is observed is in the plane of the two wires 
forming the line. In general, this condition will not hold since the 
required service region of a system cannot be so regarded as restricted to 
a plane, nor can a practical bifilar feeder in mine conditions be so laid 
and constrained that any specific orientation is constantly maintained. 
However, the very considerable multipath propagation effects which have 
been consistently observed to occur through reflections by tunnel walls and 
other objects would normally amount to omnidirectional propagation from a 
bifilar line in balanced mode, whatever its orientation.
When the line is thus considered as an omnidirectional radiator 
(in planes perpendicular to the line) the appropriate correction must be
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applied to the estimated field as for a short dipole element with its 
characteristic 'figure of eight' polar diagram; from this, the mean value 
of the field in all directions is 2/n of the value as derived for the 
plane of the wires.
A further correction must strictly he applied for the fact that in 
the case of a ribhon type of line the dielectric between the wires is not 
air. This correction would need to be applied in equation (4) "by modifying 
the value of c in the incremental term and would considerably complicate 
the subsequent working. It has not been felt necessary to do this, since 
the change may be seen by inspection not to seriously modify the final 
result or alter the conclusion.
Considering therefore that the figure of 0.03 taken for F' is only 
reached in the limiting practical case, and then applies only for the 
nearest element of line, it may be concluded that for practical purposes 
the field due to an extended bifilar line will be certainly below 2$ and 
probably below 1$ of the field which would result from one of the wires of 
the line by itself.
With the maximum relevant value of F* thus estimated, a comparison 
may be made with the field resulting from a lack of balance in the line, 
which may be taken as the ratio of the difference to the mean of the 
current amplitudes in the two wires. This quantity may then be compared 
directly with the derived value of F' for an indication of the relative 
importance and significance of the balanced-mode and unbalanced-mode fields.
Experiments described have shown degrees of unbalance, developed in 
an initially balanced line, varying between 10$ and 25$ where no special 
care is taken in the routing of the line. When the line has been twisted, 
the unbalance has been reduced to 3$» Comparison of these figures with 
the estimated values of F' suggests strongly that in typical conditions 
the balanced-mode field may be ignored against the single-wire mode field 
resulting from typical stray unbalance. In cases where deliberate steps 
are taken, however, to preserve the line balance such as by twisting, the 
balanced-mode field will still be smaller but probably no longer 
insignificant. Finally, if over a section of line the balance were 
fortuitously perfect, there would still be a residual field which might 
well be of practical use in preventing a complete 'dead spot' at that 
point, providing that the consequent coupling-loss increase of some 
20 - 30 dB could be accepted.
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2.6 Use of coaxial lines
Introduction. During 1968 attention was urgently diverted to formulate 
proposals for a personal two-way radio system to be provided in the new 
Longannet complex of linked coal mines in Scotland. The intention up 
until then had been for a commercial firm to develop a suitable system 
using low-frequency inductive-loop techniques, and a contract had been 
placed. It was already becoming clear from the early work in the present 
investigation, however, that a more promising approach would lie in the 
use of the transmission-line principle in conjunction with standard VHP 
personal equipment, modified as necessary to meet mining requirements.
As already stated, the evidence of all previous work in the low-frequency 
field suggested that two-way speech on the basis originally proposed would 
not prove practicable.
A prevailing feature throughout the Longannet complex is the 
extreme humidity, with water running on the floor as the general condition 
and copious seepage through the roof in most places. In such conditions 
the feeder could be expected to be permanently very wet over the whole of 
its length, with probable adverse effects on the longitudinal attenuation. 
Tests were carried out on sample lengths of ribbon feeder, and these 
confirmed that in the particular conditions the attenuation rose 
unacceptably, a tenfold increase being typical. It was established that 
the worst effects occurred through a combination of water and coal dust, 
forming a sludge or slurry which would become coated on the feeder during 
installation; if the feeder could be kept clean during this work, or 
subsequently cleaned thoroughly, the effects of the water alone were less 
severe but still unacceptable. A sample of a more expensive type of ribbon 
feeder, of French manufacture, proved less susceptible to contamination by 
water, apparently through having a water-repellent surface. This 
possibility was not pursued since the alternative, to be described, 
quickly proved more satisfactory.
Monk and Winbigler^, in their original account of the discovery 
of the transmission-line principle, first used a coaxial type of line; 
this had soon been abandoned in favour of a bifilar type for reasons of 
cost, attenuation and leakage fields. In the circumstances now 
encountered, however, it seemed that a reversion to coaxial lines merited 
consideration as they would be less susceptible to surface contamination.
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Accordingly, some preliminary checks were made at Longannet on a length of 
Uniradio 67, a standard 50 Q braided cable used extensively for aerial 
feeders in low-power surface radio stations. It was confirmed that the 
quoted attenuation for this cable - 6.2 dB/100 m at 85 MHz - was not 
exceeded in the worst conditions of surface contamination. Measured 
coupling losses were of the order of 90 dB; it was felt that this somewhat 
high figure could well be satisfactorily reduced by deliberately degrading 
the screening efficiency of the braid.
Operations at Bevercotes were therefore directed to examining 
the possibilities of coaxial cables in more detail in order to determine a 
suitable type to be adopted for the Longannet Bystem, now specified to be 
a VHF transmission-line system with development and design responsibility 
brought within the scope of the present work. There appeared two major 
points on which a decision had to be reached:
(a) the degree to which the braid cover of a coaxial cable 
could usefully and safely be reduced, to obtain the 
maximum improvement in coupling without unduly worsening 
the longitudinal attenuation or rendering the cable 
sensitive to surface contamination;
(b) the optimum size of the cable.
Braid cover. Coaxial cables for use as aerial downleads to domestic 
television sets are normally made with a low braid cover in the interests 
of cheapness; further, such cables employ a low-loss foam type of 
dielectric, and the particular size intended for Band V use has 
attenuation characteristics approaching those now being looked for. 
Accordingly, a continuous 900 m length of this grade (BICC type T3278) 
was obtained and installed in the conveyor road at Bevercotes. It was 
hung in shallow catenaries by loops of nylon cord from the usual j-type 
cable hangers so that it approached no closer than 20 cm to the power and 
telephone cables therein.
Attenuation measurements were made at 27 and 85 MHz, and 
repeated several times over a period of five months. For some of the 
tests the cable had been raised into the cable hangers with the other 
cables or deliberately surface-contaminated, yet the measured values never 
varied outside the limits of experimental error, taken as ±3/». The 
figures were substantially better than those taken from the manufacturer's 
published curves, as shown:
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frequency, MHz 27 85
measured attenuation, cLB/100 m 3.2 5.8
manufacturer's figure, dB/100 m 3.6 6.4
Attenuation measurements at 170 MHz were not made, since to do so would 
have involved cutting the cable to bring the total attenuation within 
range of measurement.
When the cable was first installed, an initial check for 
control purposes had shown that the presence of the line in parasitic mode 
allowed reliable two-way communication over the whole length of the line 
at 27 MHz. Allowing 134 dB for the available system loss, and a line 
attenuation of 30 dB, leaves 104 dB to be shared between two coupling 
losses. As suggested later in section 2.8.2, however, it does not follow 
that the reliable coupling loss can be no more than 52 dB. When the line 
was in the cable hangers, the range was reduced to 200 m, hardly more than 
was originally obtained with the casual assistance of normal conductors 
present.
A number of coupling-loss measurements over a period of months 
using the standard 'driven feeder' technique (method A, Pig. 3) yielded 
the following ranges of results:
frequency, MHz 27 85/72
coupling loss, dB 65-70 60-65
cable type : T327B
These results were encouraging, as being similar at 85 MHz to those 
recorded for carefully-laid but untwisted ribbon feeder in similar 
conditions.
The braid coverage on this particular cable was ascertained to 
be 63ft, and on the foregoing findings appeared to be a safe and effective 
factor to adopt.
Cable size. The second aspect to be examined, that of cable size, was 
strictly one of economics, the question being simply one of optimizing the 
relative proportions of the total expenditure assigned to transmission 
lines on the one hand and to discrete fixed equipment on the other. The
6 3
price of the television downlead was disproportionately low, and its 
longitudinal attenuation correspondingly higher than economic, involving 
as it would excessive expenditure on active equipment to ensure the 
required coverage of the mine. The optimum cable size was thus evidently 
somewhat larger.
Choice of cable. At this stage a manufacturer was approached and asked 
to prepare and submit quotations for a range of cables of varying size and 
braid cover. He was also able to include confident estimates of the 
corresponding attenuation figures, though not, of course, of coupling 
losses to be expected.
The cables offered were largely based on standard types and 
constructions but with the braid cover varied} the heaviest comprised 
variations on a Uniradio 77 construction, the lightest on Uniradio 57.
All were of nominal 75 Q impedance.
The favoured size and construction was based on a 2.5 nn 
single-strand inner conductor, a semi-air spaced dielectric and a 10,6 mm 
diameter over the braid. Polythene and PVC sheaths brought the overall 
diameter up to 15.0 mm. Two versions were offered: type 'P', with a 
braid cover of 93°/°, and type 'G', with 67$. The manufacturer's estimated 
attenuation figures were 3.5 and 3.55 dB/100 m respectively at 80 MHz.
As yet, no direct evidence was available of the effect of braid 
cover on coupling loss for a fixed cable size and construction. In view 
of this, and the significantly better attenuation characteristic for type P, 
it was cautiously decided to adopt this version in the first instance, 
with the reservation that in the event of coupling difficulties being 
experienced at the fringes of the range a later substitution of the more 
open-braided type could be made in these areas only; this 'graded line' 
technique is one that can be usefully exploited to obtain the best range 
out of a system at the expense of some jointing.
Accordingly, 10 km of type P cable was ordered and eventually 
installed at Longannet in permanent fashion, in special cables hangers and 
spaced 30 cm below existing cables. Later, further -quantities of both 
types, P and G, were obtained for evaluation and comparison. Extensive 
tests at Longannet and elsewhere confirmed the longitudinal attenuation 
to be significantly higher for type G. at all frequencies and entirely
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unaffected by environment or surface contamination in all cases:
cable type F G
85 MHz attenuation (expected), cLB/100 m 5.57 5.66
85 MHz attenuation (measured), dB/100 m 5.25 5.55
72 MHz attenuation (measured), dB/100 m 2.95 5.1Q
170 MHz attenuation (measured), dB/100 m 4.2 4.8
27 MHz attenuation (measured), dB/100 m 1.8 1.96
Careful comparisons of coupling losses between the two types of 
cable have shown a consistent 15 - 20 dB superiority of type G over type F 
at 27, 72/85 and 170 MHz, as typified by the following ranges of values 
for reliable coupling loss recorded in the conveyor roadway at Bevercotes:
cable type F G
coupling losses at 85 MHz, dB 75 - 80 58 - 65
For a frequency of 85 MHz and an allowable overall system loss 
of 154 dB, the measured figures for attenuation and coupling loss lead to 
calculated reliable longitudinal ranges of 1650 m for type F and 2000 m 
for type G. !Fhe improved coupling loss of type G thus more than 
compensates for its higher attenuation and so this type would have been 
a better inital choice for a uniform line at that frequency. However, by 
employing type F for the first 1650 m with a transition then to type G a 
total range of 2130 m could be expected.
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2.7 General mode-conversion theory
It has been shown in chapter 2.5 that the external fields pf bifilar 
lines must in practical conditions result predominantly from the unbalance 
or common-mode components of line current. In such circumstances the line in 
its function of a radiator may be regarded as a single-wire travelling-wave 
aerial.
When a coaxial cable is used as the transmission line, the recognized 
yardstick by which the screening efficiency of such a cable is assessed offers 
a corresponding explanation for the external fields set ups in this case 
longitudinal leakage currents are established on the outside of the braid and 
again cause the line to operate effectively as a single-wire travelling-wave 
aerial. The criterion in question is known as the 'surface transfer impedance' 
(Zr) and may be defined as the ratio of the current within the cable in normal 
coaxial mode to the longitudinal voltage gradient appearing on the outside of 
the braid. A standard method for measuring this quantity is described in the 
literature 7»8»9»1°. essentially, it is sufficient to note here that the 
sample on which the measurement is carried out is always short by comparison 
with a wavelength (normally 1 m at frequencies below 30 MHz). It is 
universally accepted that the surface transfer impedance, defined and measured 
in this way, is a function only of the braid and is independent of the inner 
construction of the cable. All workers also agree that over the range 
10 - 100 MHz the surface transfer impedance is proportional to frequency; some 
conclude from this that it is an inductance.
The present investigation shows that the simple criterion of surface 
transfer impedance as a direct assessment of screening efficiency is 
incomplete, while still interpreting the observed external fields in practical 
conditions as being due to longitudinal surface currents according to the 
usual assumption. It is now demonstrated that the internal construction of 
the cable, while not influencing the surface transfer impedance itself, is 
nevertheless involved as a significant factor in the screening efficiency of 
the cable. This conclusion is reached by considering the integrated effects 
of the current transfer over a length of cable no longer small compared with 
the wavelength, and taking into account the differing velocities and 
attenuation constants of the respective currents in the normal coaxial mode 
and on the surface of the braid.
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The treatment which follows is intended to be applicable equally to 
coaxial and bifilax types of cable, though it is in the former case that the 
conclusions will be more generally significant. The common effect being 
examined is a conversion which takes place in a long length of cable from 
the 'normal' - coaxial or bifilar - mode of propagation to the 'single-wire' 
mode, implying respectively common-mode and braid-surface currents. For the 
present, conversion in the converse direction - corresponding to a mobile set 
transmitting - is not specifically considered since it is usually simpler, and 
legitimate, to apply the principle of reciprocity to the overall result.
2.7.1 Mathematical analysis
Considering the conversion from normal mode to single-wire mode, 
the basic conversion mechanism may be expressed by
di - KIdx . . . (1)
in which the factor K by definition causes the instantaneous single-wire mode 
current i to increase by di over a length of line dx, and may be complex.
It is assumed that i I, the instantaneous normal-mode current, 00 that any 
reconversion process may be ignored.
In Fig. 1, XI represents a length of coaxial or bifilar line 
energized in its normal mode by a source at X and correctly terminated for 
that mode at Y. X'Y' is the projection of XT, representing the single-wire 
aspect of the line displaced for clarity and assumed to be correctly 
terminated to earth for that mode at X' and Y'. It is required to determine 
the single-wire mode current at a point 0, taken as the origin of co-ordinates, 
distance 1^ from X and distance 1^ from Y.
Considering the basic parameters of the line itself in the two modes,
let
0C.j and oCg denote the respective attenuation constants in normal and 
single-wire modes,
Pi and p2 denote the respective velocity ratios
"and’ .
X.j and Xg denote the respective wavelengths of the signal. 
Also, let X denote the wavelength of the signal in vacuo.
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Fig. 11: Diagram illustrating mode-conversion theory
At a point P, distance x from 0, a current increment di(x) is induced 
in X'Y' according to equation (l). The resulting current i at 0 is the 
summation of the effects of all such current increments between X' and Y'.
If the instantaneous current at 0 in normal mode is
I ■ Iocos ut . . • ( 2 )
then the corresponding current at P or P 1 is
l(x) ** e“*1xIo cos(wt - x) . • (3)
whence from (l)
di(x) - H  e“^ ^  oos(«t - p- x) dx . • (4)
The effect at 0 is
(x< 0) di - KI e"*^ e*2x cos(ut - ~  x + x) dx
O K z • (5a)
(x>0) di - KIoe«lx e“0{2x cos(ut - x - &  x) dx • (5b)
and the summation for all such elements is 
0
i - n  [ e0*2-«l)* cos(„t - 2n -2 ■■. 1 x)
° J  *1*2 dx
’ 2
+ B  i  .-tei**)* oos(ut. 2„ x) _
EE. a cosCrnt - bx) - b sinfmt - bx)
a2 + b2
- EE. t-a'x a* * • “
Ta
cosCrnt - b*x) + b 1 sinfmt 
a'2 + b'2
- b'x)"! 
— In
(6)
(7)
where a, b, a' and b* have meanings as follows*
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a »  « 2  -  oc.| • • • 4 (8)
b - 2n \  1
V 2
• • • • (9)
P2 “  P1 
‘  H f z
• • • • (10)
a' »  a 1 +  oCg • • 4 • (11)
^1 + *2t' -  2 " 1 2
• • 4 • (12)
2, P1 + P2 • • 4 • (13)
In the common case when the line is long in both directions from 0
( i f «  - 1 / a .  1 2 »  1 / a » ) ,
i =  KIq (A cos ut - B sin ut) 4 • (14)
a a'
where
A  '  2  „ 2  ‘
‘  o 2
a  t ™  j. u &
• • (15)a + b a'fc + b
b b'
and 8 “ o 2 + 2 2 
a.2 + b^ a'^ + b»*
• • (16)
Expressed as a phasor . /
i - KI(A2 + B2)ytan“1 j 4 • (17)
In the case of coaxial cables, reference back to equation (l) and 
comparing with the standard definition for surface transfer impedance shows
that
* - w (18)
where ZT is the surface transfer impedance (-idv/dx by definition) and 
V  is the characteristic impedance of the cable in single-wire mode (- dv/di).
For bifilar lines, Deryck11 has derived 'imbalance factors' 
which express the corresponding concept to surface transfer impedance and 
which could be similarly applied.
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From equn (17), the amplitude of the single-wire mode current 
depends not only on hut also on the phase velocities and the attenuation 
constants in the two modes, through the quantities A and B. Also apparent 
is a constant phase relationship between the two mode currents, again 
dependent on A and B with a possible further shift inherent in the factor K 
itself. The single-wire mode current thus propagates with the same velocity 
as the normal mode, being governed by it, rather than at its own natural 
velocity.
2 2 4The function K(A + B p  may be termed the 'current transfer factor'. 
If the appropriate correction is made for any difference in characteristic 
impedances of the line in its two modes, the resulting 'mode conversion 
factor' may be expressed in decibels and conveniently denoted by M:
z  *
M - 10 log K ^ A 2 + B2) -f- . (19)
o
(Z being the characteristic impedance of the line in its normal mode). x o
In the case of coaxial lines, substituting for K gives
10 log Z 2(A2 + B2)
M - -------------------  * * (20)0 o
The factor M constitutes a discrete part of the overall coupling 
loss (C) of the line, the remainder of which may be designated the 'single­
wire coupling loss' and denoted by C .  Thus (taking the positive sign 
convention for losses):
C - M  + C' . * (21)
This breakdown promises to be a useful concept, since the various 
uncertainties of the environment (other than their possible effects on line 
parameters) and the aerial efficiency of the mobile set are contained in C', 
which would be expected to be substantially independent of the type of line.
The quantity M is left as a basic property of the line itself, though 
including possible disturbing effects of the environment.
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2,7*2 Practical implications,
' The general expressions derived for mode conversion are capable of 
simplification in most practical cases. In particular, 0<.j is usually 
negligible beside c<2, by the nature of the transmission-line principle.
Both a and a' may therefore be replaced by c*2, the attenuation constant for 
the single-wire mode. This is one of the least predictable of the variables 
involved, but a typical measured value at 85 MHz is 0.06/m, corresponding 
to a loss of 0,5 dB/m.
The value of p^ for a coaxial cable having a solid polythene 
dielectric is O.67. The corresponding values for most semi-airspaced or 
foam-dielectric constructions range between 0,82 and 0.90. The single-wire 
velocity ratio for both types of coaxial cable has been typically measured 
at 0.89, using a signal applied directly to the outer surface of the braid 
pnd establishing a standing-wave pattern by a single reflection at the remote 
end. Strictly, this measurement should be made on a dummy cable having no 
inner conductor, to eliminate the possibility of any 'pulling1 by a coupled 
coaxial mode; however, such an effect would involve a double conversion and 
so the possibility of error on that account is considered slight in the 
comparatively short length of cable (40 m) involved in the measurement.
From these values, predictions may be made of the effect 
on conversion factor of substituting a semi-airspaced dielectric for solid 
polythene, the braid construction being unchanged. In the following table, 
it is assumed that in the semi-airspaced case the phase velocities are equal 
with a value of 0.89» but- it can be shown that differences up to 0.03 have 
insignificant effect:
frequency, MHz 27 85 170
measured value f or 0(2, m ^ 0.02 0.06 0.12
(A +B ) , solid polythene, m 5.2 M i 0.86
(A2+B2)^, semi-airspaced, m 50 16.7 8.3
improvement, dB 19.6 19.5 19.7
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Values underlined are substantially independent of variations in ec2 
from the measured typical values taken. From the nature of the expression 
for the conversion factors, dependence on the single-wire mode attenuation 
increases as the phase velocities come together, more particularly at the
lower frequencies. Within the range where of? is comparatively insignificant,
p p A.the value of (A +B )2 is substantially inversely proportional to 
frequency. Further, in so far as o(2 itself may be shown empirically to be 
also substantially proportional to frequency, the same relationship is 
maintained where is significant. This relationship itself largely 
nullifies the proportionality to frequency due to in the conversion 
expressions, and so the current conversion factor will be expected to be 
almost independent of frequency, particularly towards the higher end 
of the range being considered.
If the internal dielectric construction of a cable is fixed and 
variations introduced into the braid construction only, it is seen from 
equations (17) and (18) that the current transfer factor is proportional only 
to Zpt in accordance with the usual simplified assumption, providing the 
single-wire mode parameters (Z;, ^  sad/J.,) axe not themselves significantly 
affected by the braid variations.
It remains to mention briefly the relevance of the developed mode- 
conversion theory to bifilar lines. The bifilar mode velocity of a ribbon 
feeder is typically quoted as 0.82, by employing airspaced wires it would be 
possible to raise this to match the single-wire mode velocity, with 
consequently increased transfer. Airspaced open-wire lines would have other 
advantages, including freedom from undesirable surface-contamination effects 
to which ribbon feeders are prone.
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2.7.3 Experimental checks
Substantiation of the mode-conversion theory rests on a 
demonstration that for coaxial cables having identical braid constructions 
the outwardly observed longitudinal braid currents do in fact vary by the 
amounts predicted according to the internal dielectric properties, and 
further that these variations are reflected in the coupling lossel exper­
ienced in practical conditions. Por the first purpose a series of experiments 
was conducted using a Rohde and Schwarz 'absorbing clamp' type MDS-20.
This apparatus is primarily intended for the measurement of radio interference 
power radiated from the power-supply cable of an interfering source, such as 
a vacuum cleaner or other typical portable appliance. It comprises 
essentially a ferrite absorber which encircles the power cable and couples 
a portion of the radio-frequency energy, through a current converter, to an 
external measuring instrument. The frequency range of the apparatuses 
50 to 300 MHz.
In adapting this device to a satisfactory comparison of surface 
currents on coaxial cables it was found necessary to observe a number of 
important precautions. Initially, familiarization with the use of the 
apparatus was acquired in the laboratory; since the maximum length of test 
cable which could be satisfactorily accommodated here in an undisturbed 
condition was about 10 m it was decided to standardize on this length 
precisely to eliminate any errors due to variations in the distance over 
which the modes were so coupled. To minimize standing waves, both in the 
coaxial mode and on the surface of the braid, care was taken to terminate the 
coaxial mode correctly and also to terminate the outer braid of the cable to 
an earth mat at each end through a suitable terminating resistor, determined 
by experiment to be 300 Q in each case. Thus, the conditions represented in 
Fig. 11 were reproduced as far as possible in the restrictive circumstances. 
Finally, thorough screening and earth-bonding of the source ensured that no 
initial braid currents were inadvertently launched from there, and no inter­
mediate links or connections which might have similarly contributed were 
allowed.
Despite these precautions, in these preliminary familiarization 
experiments residual standing waves were experienced on the surface of the 
braid, making reliable measurement impracticable over the short distancei 
an explanation for this effect is given later In section 2.7.5. Within this 
limitation the results were in broad conformity with those introduced next.
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Tunnel tests. The absorbing clamp experiments were then transferred into 
the disused railway tunnel at Woodville (Fig. 6c) where sufficiently long 
undisturbed lengths of cable could be laid to ensure the establishment of 
steady conversion conditions at the measuring point; furthermore, the 
tunnel environment was considered to typify the conditions in which a 
transmission-line system would be used.
Sample 200 m lengths were available of specially designed solid- 
dielectric cables based on a Uniradio 57 inner construction. The tests 
were carried out on these and similar lengths of the semi-airspaced cables, 
types F and G. One type of cable having a cellular polythene dielectric, 
the television downlead type T3273, was available and was included. The 
cable manufacturer was able to supply information on surface transfer 
impedance for all these cables at frequencies up to 30 MHz; the figures 
for this particular frequency are given in Table 5 with other relevant 
data.
Each length in turn was installed in the tunnel at a distance of 
2.5 ® from the floor and 0.5 m out from one wall, attached to improvised 
plastic extensions to existing cable hooks. The cable was fed at one end 
directly from a Bantam radiotelephone set and terminated at the other for 
coaxial mode only; preliminary checks were made on coaxial-mode power 
levels at the two ends. These arrangements are shown in Plates 2 and 3.
The braid-current comparisons were made at the middle of each 
length of line, assumed to be sufficiently far removed from both ends for 
steady conversion conditions to prevail. The absorbing clamp was supported 
here on a dry wooden plank between trestles and its output voltage measured 
on the field strength meter used as a radio-frequency microvoltmeter. To 
reduce error due to any spurious local variations, twenty readings were 
taken at random points over a distance of at least half a wavelength and 
the mean value adopted. Plate 4 shows the absorbing clamp in position.
Results. The results for the three test frequencies are given in Table 6. 
An absolute calibration for the absorbing clamp was not available, and so 
the braid currents, expressed in dB, are related to that for the cable 
with the best screening, type 107, at a frequency of 27 MHz. The surface 
transfer impedance information has been repeated in the form of a 'braid 
advantage', also expressed in dB, relative to the figure for type 107;
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Table 5s Manufacturer's data for coaxial cables
item dielectricconstruction
diam.
under
braid
mm
lay
length
mm
braid
cover
c/°
ZT at
30 MHz 
mfl/m
atten.
at
85 MHz 
cLB/100m
TJ278 cellular 6.0* 52* 63 1080 6.4
F semi-airspcd 9.5 52 93 100 3.37
G semi-airsped 9.5 32 67 700 3.66
NCB 107 solid 7.0 32 93 42 5.9
NCB 108 solid 7.0 50 93 170 5.6
NCB 109 solid 7.0 32 75 370 6.0
NCB 110 solid 7.0 50 67 37O 5.8
NCB 111 solid 7.0 32 44 13OO 6.9
NCB 112 solid 7.0 50 39 15OO 6.6
•measured in the laboratory
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Table 6: Mode-conversion comparisons for coaxial cables 
in Woodvllle tunnel
cable
braid
advantage
dB
relative braid current, dB
Pi 27 MHz 85 MHz 170 MHz
107 0.67 0 0 5.8 1.3
108 0.67 12.2 15.6 26.3 28.0
109 0.67 19.0 19.0 26.7 2 6 . 6
110 O .67 18.8 14.9 20.2 22.0
111 O .67 29.8 53.6 40.8 41.2
112 0.67 30.9 26.7 33.4 54.0
T3278 0.83 28.2 38.4 45.7 41.5
F 0.89 7.8 28.9 32.5 29.9
G 0.89 ' 24.2 47.3 53.6 50.2
av. weighted diff., <3LB 10.3 10.4 6.2
'P i ** UoOi/U.Uj)
predicted diff., dB* 8.7 9.1 9.0
av. weighted diff., dB 22.2 19.9 16.9
'P i “ u»W /u,l-V) predicted diff., dB* 19.6 19.7 19.4
* pg taken as measured directly: 
oCg taken as measured directly:
0.89
0.02
0.06
0.12
27 MHz) 
85 MHz) 
(170 MHz) 
/m
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this comparison is taken from the figures at JO MHz, but is presumed 
constant against frequency. The measured velocity ratios in coaxial 
mode are also given, based on wavelength measurements of deliberately 
established standing waves in the coaxial mode; for this purpose a small 
voltage probe was used with the field strength meter to plot the 
corresponding field variations along the outer sheath of the cable.
Strictly, the validity of this method of measurement is itself dependent 
on the mode conversion theory, as discussed later in section 2.7.5» but 
the figures so derived were independently confirmed by the manufacturer.
The results as shown were then weighted by subtracting the 
respective braid advantages. An 'average weighted difference' between the 
solid-dielectric group and each of the other types was then derived for 
each frequency as shown in the table. It is seen that these figures are 
generally in good agreement with the predicted differences based on the 
direct measurements of velocity ratios and attenuation constants in the 
same conditions; the largest discrepancy occurs in the figures for type 
T3270 cable at 170 MHz, where the transferred current is somewhat h i g h o g d6 
than predicted.
For 27 MHz, the only test frequency for which specific figures 
for surface transfer impedance were available, the results are also shown 
graphically in Fig. 12; this clearly illustrates the differences between 
the three types of dielectric and the broad proportionality to surface 
transfer impedance. The three dashed lines are the theoretical predictions 
with respect to the experimental observation for type 107 cable; the results 
for the various cables are seen to fall substantially in accord with their 
appropriate lines. The results for the other two frequencies when plotted 
similarly (against values for 27 MHz) show almost identical patterns.
In Fig. 12 a spread of results is apparent within the group of 
solid-dielectric cables; this in particular is repeated very closely at the 
other test frequencies. These discrepancies had also been discerned in the 
preliminary laboratory comparisons, ruling out any inadvertent change in 
the tunnel conditions between the tests. The variations are considered to 
be outside the limits of experimental error, and so suggest the existence 
of a further significant variable factor in the braid construction, not 
revealed in the standard method of measuring surface transfer impedance.
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Fig. 12: Effect of and Ü, on transferred current
Frequency-dependence. It was inferred in the preceding section that the 
mode conversion should be independent of frequency over the VHF range. 
This conclusion is only partially borne out in Table 6. Taking the mean 
values for all the cables considered, irrespective of their dielectric 
groups, gives the following mode-conversion comparisons for the three 
frequencies, with 27 MHz as the reference:
27 MHz 85 MHz 170 MHz
0 +6.7 dB +5.5 dB
Separate comparisons for the three groups of cables yield similar patterns:
cable group 27 MHz 85 MHz 170 MHz ,
solid 0 +7.0 dB +7.0 dB
cellular 0 +7.3 dB +3.1 dB
semi-airspaced 0 +5.0 dB +2.0 dB
However, the 27 MHz observations are marginally outside the 
quoted range of the absorbing clamp (30 - 300 MHz), for which a 
frequency-correction curve is provided to give an effective instrument 
accuracy of ±1 dB. The correction applied to the present 27 MHz results 
(+4 dB) was derived by extrapolation of this curve, and so these 
particular observations must carry a lower degree of confidence in the 
drawing of any conclusions about frequency-dependence. The variations 
between the 85 and 170 MHz results are considered to lie within the 
overall limits of experimental error (±3 dB) for this comparison.
Cable size. A quantity which unfortunately could not be fixed for the 
three groups of cables was the diameter of the braid. The actual figures 
are given in Table 5, and any effects of the differences would be expected 
to manifest themselves through consequent variations in the value of Z^', 
the characteristic impedance in single-wire mode. Applying the standard 
expression for this quantity, and assuming the effective earth-plane to be 
no closer than 0.5 m, shows that the total variation through the cables due 
to this factor would be less than 10^} this represents less than 1 dB total 
variation in mode conversion and so would not significantly affect the 
results.
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Reference now to the practical results (Table 6) shows that 
the smaller-diameter T3278 cable follows a closely similar pattern to the 
larger-diameter types F and G in respect -of the small discrepancies from 
the predicted comparisons with the medium-diameter solid-dielectric types.
It is thus concluded that cable diameter itself has no 
significant effect on the mode conversion in these comparisons.
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2.7.4 Correlation with coupling loss
Coupling loss measurements at the three frequencies were also 
taken for each of the same nine cables while separately installed in the 
Woodville tunnel, using method A (section 2.2.4 and Fig. 3). These results 
are recorded in Table 7»
Immediately apparent is the general tendency for the losses to 
be significantly higher than those recorded in chapter 2.6 for tests in 
mine tunnels. At 85 MHz, this amounts to 10 dB difference when averaged 
over the cables T3278, F, G and 108 (similar to Uniradio 67). For 27 MHz 
the corresponding figure (based on T3278 only) is much larger, at 30 - 40 dB. 
This marked inferiority of the 27 MHz coupling in the Voodville tunnel by 
comparison with the 85 MHz figures is brought out in Table 7 by a direct 
comparison of the overall mean coupling losses for the three test frequencies.
In Fig. 13, the coupling losses recorded in Table 7 have been 
plotted directly against the relative single-wire mode currents taken from 
Table 6. At 27 and 85 MHz, and less positively at 170 MHz, a clear 
proportionality of coupling to braid current is shown. The dotted lines 
through the three groups of experimental points are drawn to represent 
precise proportionality; these again show the inferiority of the coupling 
at 27 MHz, and to a lesser extent at 170 MHz, as against the 85 MHz 
performance.
An anomaly is apparent at all three frequencies in the 
behaviour of cable 107, which in all cases shows a lower coupling los3 
(higher received signal) than would be compatible with the other results.
This is the cable having the lowest mode conversion, and so the observed 
coupling to the mobile set would be most susceptible to any direct 
radiation which might inadvertently propagate directly from the fixed 
base station, 100 m from the observation point. Checks were subsequently 
made, by disconnecting the line and operating the source directly into 
a dummy load, but revealed no evidence of such a disturbing effect.
The discrepancy does not appear in the braid current comparisons of 
Table 6, and so cannot be accounted for as an additional single-wire mode 
current inadvertently launched from the source. One possible explanation 
could invoke an additional lower-order coupling mechanism of the cable 
itself, not evidenced as a longitudinal surface current, which becomes
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significant only in otherwise well—screened, cables, a second possibility 
is that a direct radiation from the source occurs only when the line is 
connected; a third» that the source is launching some other form of wave 
on the surface of the line, again not manifested as a longitudinal 
current. For present purposes, the results from this cable have been 
excluded from consideration.
There is the further unresolved doubt whether the marked 
inferiority of coupling in all cables at 27 KHz in this tunnel is due 
partly to a lower mode-conversion factor, as was inferred with 
reservations from the analysis of Table 6 in section 2.7.3, or is 
accounted for entirely by an inferiority in the coupling process itself, 
between the single-wire mode of the line and the mobile set; the latter 
condition would correlate more directly with the remarkably poor natural 
propagation in the tunnel at this frequency by comparison with mines and 
other tunnels, as reported in section 2.2.1.
A tendency is apparent in Fig. 13 for the semi-airspaced cables 
(F and G) to show a slightly better-than-average coupling for a given 
value of braid current at 85 and 170 MHz; that is, the single-wire 
coupling loss (section 2.7.1 ) is marginally better at these frequencies 
for those cables having the highest coaxial-mode velocity ratio and thus 
also the highest (forced) phase velocity in the single-wire mode. The 
difference is within the estimated limits of experimental error; but if 
significant it might be interpreted as an indication that the higher phase 
velocity is favourably tilting a radiated wavefront so as to increase the 
propagated broadside component.
Conclusion. A most important conclusion of this section is that the 
observed coupling of signals from coaxial lines to a mobile set is in 
general closely proportional to the longitudinal braid currents in those 
lines and thus may logically be considered to derive from them; a 
discrepancy in the case of the lowest braid currents suggests the 
possibility of a further coupling mechanism of lower order. In the 
particular tunnel involved and with the mobile aerials used (\/4 whips), 
coupling for a given braid current is 6 4B worse at 170 MHz than at 
85 KHz; at 27 KHz (using a bottom—loaded whip aerial) the coupling for the 
same braid current is between 13 and 21 dB worse than at 85 KHz, this 
uncertainty, being inherent in the assumed frequency characteristic of the 
absorbing clamp. A further low-order effect may be related to the actual 
velocity of the propagated disturbance in the single-wire mode of the line.
Table 7: Coupling losses in Woodville tunnel
reliable coupling losses (dB) at
wdUlo
27 MHz 85 MHz 170 MHz
107 120 104 104
108 120 101 99
109 120 102 99
110 120 105 112
111 107 87 91
112 110 94 107
T3278 104 77 97
F 110 87 94
G 93 67 76
overall
mean* 111 90 97
ref. to 
27 MHz 0 -2 1 -14
♦excluding cable 107 (see text)
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2.7.5 End effects
Tha th60« ti“ l given by equation (17) of seotion 2. 7>1
is based on steady-state conditions on the line with respect to distance, 
assuming that the point of observation is sufficiently far from both ends 
of the line for such conditions to prevail, as was the case also in the 
subsequent experimental checks in the disused railway tunnel.
It is of interest, and sometimes also of practical importance, 
to consider the conditions at and near the ends of the line; it will 
still be assumed, for the present, that the line is correctly terminated 
at the source end for single-wire mode and at the remote end for both 
modes. To examine these end effects it is now necessary to refer back to 
equation (7) of section 2.7.1 .
The condition at the source itself is represented by putting 
1 1 equal to zero instead of very large and negative in sign as previously. 
All terms in a and b then vanish, and equation (17) simplifies to
i - KT(a'2 ♦ b'2)-t/tan-1(-^-) . (17a)
Substitution of typical values for the various parameters shows that this 
current is appreciably smaller than the final steady-state value of 
equation (17) but is still significant; it is also almost independent of 
dielectric construction and of the two attenuation constants.
At the remote termination, it is necessary instead to put 1,
equal to zero, when terms in a' and b' vanish and we obtain
i » Kl(a2 + ftan"*^  ~9* (17b)
This is close to the steady-state value of equation (17) and for practical 
purposes may be considerered equal to it.
More interesting than these extremity-states, however, are the 
near-end conditions. At the source, if 1 is reinstated as a small but 
significant quantity, the first term in equation (7) is reintroduced as a 
distance-periodic component with a wavelength equal to 2n/b, or
V 2
X2 “  X1
This appears as a standing wave on the line, of a wavelength several 
times that of the natural wavelength of the signal. Its amplitude will
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initially be high, since we are considering the predominant term in 
equation (7), and its longitudinal attenuation (- a) will approximate to 
that of the single-wire mode.
At the remote termination, setting a corresponding condition 
for 1 2 renders the second term in equation (7) distance-periodic instead. 
This is far less pronounced, since we are now dealing with the much less 
significant term; it appears as a standing wave of wavelength 2*/^*, or
X1X2 
X1 X2 (ii)
which is intermediate between the half-wavelengths in the two modes; 
again, its longitudinal attenuation (-a«) will be primarily governld by 
that of the single-wire mode.
These standing-wave effects will occur even though the line is 
correctly terminated for both modes as specified. If, additionally, 
there is a mistermination, further standing waves will be set up owing to 
reflection.
fieverting to the conditions at the source, a short-circuit 
Cfor example) of the termination for single-wire mode causes equation (5a) 
to be modified by the addition of a reflected travelling wave in
■“* - ^ » ♦ £ ( » 1 - « )  • • (5a1)
and equation (5b) is similarly modified by the addition of a term in
Wt “ " %  ^211 “ x) * • (5b‘)
These terms are carried through after integration into equation (7) to 
form an enlarged equation which will not'be written out.
Both the resulting enlarged components of this new equation 
then contain distance-periodic terms close to the source, that is when 1  
is small but significant. These terms will each produce a standing wave! 
the lesser in amplitude, or 'minor wave', will have a length equal to
X1*2
- X1 * • • U )
similar to the non-reflective standing wave already present and with the 
same attenuation constant (- a), but of smaller amplitude and generally 
differing in phase.
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The second component of the enlarged equation contributes 
a comparatively large-amplitude standing wave (the 'major wave') of 
wavelength equal to
2 • • • (iii)
This has an attenuation constant equal to 20^, twice that of the single­
wire mode.
Remote termination. Returning now to the conditions at the remote end, 
a short-circuit or open-circuit of the characteristic termination for the 
single-wire mode similarly introduces reflected-wave terms into equations 
(5a) and (5b). In the short-circuited case:these are in:
(5a")
• • (5b")
ut -  ! r 11 + f r  ca ,  - * )*2
a t - f a x - f i  
*1 X2
(21? - x)
In the resulting equation (7"), not written out, the first 
component throws up a minor standing wave of wavelength
^2
2 . • • . (Hi)
which has an attenuation constant (~2*2) equal to twice the single-wire 
mode attenuation.
The second component contributes a major standine wave of amplitude 2„/V, 
or
y 2
w  * • (**)
with an attenuation constant ( - a 1) approximately that of the single-wire 
mode. This wave is of larger amplitude than that of the same wavelength 
already present and has the same attenuation constant, and could be 
arranged to cancel it by suitable choice of complex terminating impedance.
At this end of the line, a coaxial-mode reflection may also be 
set up, by misterminating for that mode. This will result in a normal 
standing wave in that mode, of wavelength equal to
h.2 (lv)
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with an attenuation constant of 2oC^ , as given by standard transmission- 
line theory. To derive the corresponding single-wire mode transferred 
current, the reflected wave must now be-inserted into the previous 
treatment from equation (2) onwards, and equations (5a) and (5b) are in 
their turn modified by the addition of terms in
wt - ~  (2 1 2 - x ) + |~ x  . . (5a'
Ut - If («a - *> - (5b'")
The subsequent integration and insertion of limits as appropriate to the 
near-end condition remote from the source shows that the coaxial-mode 
standing wave of wavelength
~2 * (iv)
is transferred to the single-wire mode with the same attenuation 
constant (20^) but as a minor wave. The major wave is of wavelength
^  + Xg * • . (ii)
with attenuation constant (- a') near that of the single-wire mode.
Discussion. It has been shown that standing waves will occur at both 
ends of the line, even when no reflections occur in either mode; there 
will be a major wave at the source, of long wavelength, and a minor wave 
at the remote end, of wavelength of the order of x / 2 .
A single-wire-mode reflection at the source will add a further 
major wave, of wavelength Ag/2. A single-wire-mode reflection at the 
remote end substantially reinforces the wave already there, and adds a
further minor wave (Xg/2). A coaxial-mode reflection adds a further major 
wave, of the order \/2 in length.
These waves will all decay rapidly from the ends, with 
attenuation constants of 2« 2 or approximately cr^ . A further standing wave, 
albeit minor, caused by a coaxial-mode mistermination will decay 
relatively slowly from the remote end, with attenuation constant 2<* , 
following the internal coaxial-mode standing wave. This particular wave, 
therefore, may be probed in the close field at intermediate distances from 
the remote termination (say, 50 m) where the other effects have decayed
N
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into insignificance. Measurements of the coaxial-mode velocity ratio 
of solid-dielectric cables (. O.67) by this method have agreed with those 
provided by the manufacturer and expected from a knowledge of the 
dielectric constant, and this has given further support to the general 
mode-conversion theory.
End-effect waves in this treatment have been distinguished as 
•major' or 'minor' according to their initial amplitudes. The difference 
is determined by the ratio b'/b for any given cable, and so will be less 
pronounced for solid-dielectric cables.
In practical systems, and in most experimental observations, 
the line will as a matter of course be characteristically terminated at 
the remote end for its coaxial mode, even if only to allow simple d.c. 
checks of its integrity. It is less simple to terminate the line 
characteristically for single-wire mode, or even to determine what that 
termination should be; at the source end, in fact, the presence of the 
source itself would normally effectively earth the line in single-wire 
mode in the absence of special arrangements. It is to be expected, 
therefore, that most or all of the end-effects detailed will occur, 
giving rise to complicated patterns of interference wavelengths.
Such variations, unexplained at the time, were observed during 
the preliminary familiarization experiments using the absorbing clamp 
on comparatively short lengths of cable (e.g. 10 m) in the laboratory. 
Similar effects have been subsequently reported in private communications 
by other workers in probing fields close to coaxial cables, in particular 
by Prof. J.C. Beal (1972). Subsequently, the 'difference wavelength' (i) 
has been apparent in observing experiments conducted by British Bailways 
workers on lengths of coaxial cable laid along a railway track. It has 
not proved practicable so far to record and analyse these fluctuations 
more closely to resolve the other components.
It is unlikely that these periodic effects would be of serious 
consequence an practical systems in view of their rapid decay from the ends 
provided the coaxial mode is correctly terminated. The extremity-currents, 
however, will be shown to be of significance in considering coaxial-mode 
gap loss and the stability criteria of line repeaters.
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2.7.6 Reciprocal conversion
Considerations of reciprocity suggest that the theoretical 
treatment as developed in section 2.7 .1 should be directly applicable to 
the opposite case, where an original single-wire mode current is beine 
transferred into normal bifilar or ooarial mode, provided the appropriate 
interchanges are made in the meanings of the respective symbols or due 
account otherwise taken of sign changes. In terms of coartai cables, the 
surface transfer impedance itself is equally applicable to both directions 
of transfer, but Z^' has now to be replaced by Z0, the normal-mode 
characteristic impedance.
However, a difficulty arises when strict account is taken of the 
signs in this way. Considering equation (8) in section 2.7.1, it is 
apparent that a must now be taken as a negative quantity since the 
transferred mode has the lower attenuation. The first of the two components 
in equation (7) then no longer vanishes when ^  is made large and negative 
(as the adopted sign convention appears to demand); instead, we are left 
with a divergent distance-periodic component. To show how this anomaly is 
to be resolved the treatment will be re-worked, taking into account the 
changed circumstances from the beginning; for simplicity, the special case 
will be taken of a coaxial cable injected with a single-wire mode current 
at one end. Symbols also used in section 2.7.1 will have the same meaning, 
e.g. X1 and p1 will relate to coaxial mode.
Let the current fed to the braid of the cable in single-wire 
mode at one end S be
The current transferred into coaxial mode is to be determined at a point Q, 
distance 1 from this source; this distance will be specified to be £> 1/oC,, 
so that the original single-wire mode current may be considered completely 
dissipated by point Q and the line accordingly terminated there.
At an intermediate point on the line, distance x from S, the 
single-wire mode current will be
V “ 2* « «  M  - Is *) (2)
and the transferred current over an element dx there will be
di - K ' ^ e ^  cos (wt - f£x) dx (3)
where K* « z^/Z
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(4)
The effect of di at Q is
K’I_e“*2x-«l(l-x)cos £ut _s' 2n dx
Integrating for all such effects between the limits of 0 and 1 for x, 
iQ
»«*w AAUU> W Q OX U lELHt
vir a cos((i)t - <P) + b sinfut -
3 L  ’ a* + b2
e-e^l a cosfcot + bl - $) + b sinfut + bl - fl) ^
a2 + b2 J
where a and b are as given by equns (Q) and (9) of 2.7*1 and <$ - 2mlA1
Since OCj» and we have specified that 1 ^  1/ct,, the second term may
be Ignored beside the first. The first term may then be referred back 
to S to represent a virtual coaxial-mode source of current
. vtT a cosfcjt - d>) -f b sinCut -X * K i A A
3  8  2 ,  v , 2a + d <«)
Disregarding the fixed phase relationship as of no interest,
N  - K,Ia<a2 * ^  • • (7)
This result is the same as would have been obtained by applying 
the previous treatment with the limit lg set at zero, that is by expressing 
the condition at the termination in that case, and changing K to K*. But 
unlike the previous case, this is not now an actual ratio of currents in the 
two modes at that point; rather, it expresses the transferred current in 
terms of a virtual coaxial-mode source at the point S where the single-wire 
mode source is. This is the significance of the change of sign which has to 
be introduced for 1 1 in equn (7) of 2.7.1 to preserve continuity of that 
treatment if applied directly to the reciprocal case.
The re-worked treatment may similarly be extended to include the 
more general case where the line extends back beyond the point S where the 
single-wire mode current is introduced. This then involves terms in a« and 
b* as before, to give a final expression identical with equation (17) of
2.7 .1 but with K* substituted for K and again with i now a virtual source 
current.
These results are applicable to such cases as In the next section, 
where mutually reciprocal, ccnversicns in tandem prevent the Issue being 
evaded by applying reciprocity considerations to the overall paths.
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2.7.7 Cosocial-mode gap loss
The difficulty of measuring transferred single-wire mode currents 
on a coaxial cable may be circumvented by applying the mode-conversion 
theory to the case of a 'coaxial-mode gap loss', where a double conversion 
must take place for the coaxial-mode signals to negotiate an interruption 
of the inner conductor.
It will be assumed that the coaxial driving point is sufficiently 
far removed to allow steady-state conditions of transfer to exist before the 
gap, and that the observation point is sufficiently far beyond the gap for 
effectively complete transfer back into coaxial mode to have taken place.
The line is correctly terminated in each direction at the gap, with no stray 
coupling across in coaxial mode, but the outer conductor is continuous.
For the directly driven part of the line, the normal end-conditions 
apply as for a termination as discussed in section 2.7»5> and the current 
conducted across the gap in single-wire mode on the outer conductor is
i Kl(a2 + b2)“^ . . . (1)
&
The remainder of the line is being driven at the gap in single­
wire mode, and the considerations of section 2.7.6 apply.
The resulting virtual coaxial source current at the gap is given by
i - K'i (a2 + b2)"^ . . . (2)B &
Eliminating i between (l) and (2) we obtain as the overall 
&
coaxial-mode transfer
_ s  - KK'
1 " a2 . * 2
Substituting for K and K' in terms of Z^,, Zq and Zq' gives
„ 2
ZoZQ'(a2 + b2)
(3)
(4)
This applies when the same type of cable is used each side of the gap. In 
the more general case when the cable parameters are different, the transfer 
factor is the product of the separate transfer factors obtained by putting 
in the appropriate respective values for the parameters in equations (1) 
and (2) ; assuming the same coaxial-mode characteristic impedance on both 
sides of the gap, the overall transfer may be expressed in decibels.
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Assuming a fixed braid construction, that of the close-braid 
cable type 107 which has previously been taken as a reference, the 
following overall transfer factors or 'gap losses' are calculated for 
the four combinations of dielectric constructions on the two sides of 
the gap, based on a value of 300 G for Zo':
(i) solid/solid; -118 dB
(ii) solid/semi-air; -95 dB
(iii) semi-air/solid; -95 dB
(iv) semi-air/semi-air; -72 dB
To test these predictions, gap-loss measurements were carried 
out in the disused Voodville railway tunnel. The actual cables available 
for these tests in suitable lengths were type F (semi-airspaced) and 
type 112 (solid). These have dissimilar braid constructions, and so the 
results were adjusted according to the 'braid advantages' to relate them 
to type 107 cable; these results are given in the following table;
input/output
dielectrics
gap losses at 
27/85/170 MHz
excess over 
prediction
solid/solid 
solid/semi-air 
semi-air/solid 
semi-air/semi-air
163/159/154 dB 
156/157/134 dB 
138/139/138 dB 
112/120/119 dB
45/41/36 dB 
41/42/39 dB 
43/44/43 dB 
40/48/47 dB
The marked feature of these results is a close agreement with 
the predictions in a strictly comparative sense, but a constant discrepancy 
of 42 dB ( -6 dB) in the absolute values. It can be resolved by assuming 
that the single-wire mode characteristic impedance is very much higher than 
the somewhat arbitrary value adopted in the calculations. The figure 
required for exact agreement is 40 000 Q, which appears inordinately high. 
However, the parameter in question is rather an intangible one anyway in the 
particular conditions, and a figure of this order would also explain the 
unusually high coupling losses which have been consistently observed in 
this tunnel by comparison with those recorded in other tunnels and mines.
The following section describes an experiment designed to throw 
further light on these unexpectedly high losses.
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2.7*8 Bi-coaxial line
The preceding section left an unresolved doubt over the reason 
for the unusually high coupling losses encountered in the Woodville tunnel, 
and in particular for the unexpectedly high measured values for coaxial 
gap losses, tut it was postulated that the direct cause was a very high 
characteristic impedance of the line in single-wire mode. This parameter 
defeated a dependable direct measurement owing to the difficulty of 
establishing a reliable earth reference in the tunnel. Attention was 
therefore directed to possible means by which the value might be reduced 
artificially and the effect observed.
The first tests were carried out with the 200 m length of type 109 
cable installed in the Woodville tunnel in the standard adopted test 
position 2.5 m from the floor and 0.5 m away from one wall. A length of 
5/22 power cable was laid through the tunnel as a counterpoise and 
terminated at each end to the coaxial cable through a 500 Q resistor. With 
the counterpoise on the floor of the tunnel, no discernible effect was 
observed on the coupling loss between the coaxial line and a mobile set at 
a frequency of 85 MHz; when it was moved up into the cable hanger alongside 
the coaxial line, however, careful and repeated measurements showed a mean 
5 dB improvement in coupling loss over that prevailing in the bare tunnel.
Arrangements were then made to replace the coaxial line and wire 
counterpoise by a dual line comprising two 200 m lengths of coaxial cable 
laid parallel and spaced 15 cm apart, using for this purpose type 107 
(close-braid, solid-dielectric) cable. Each cable was individually correctly 
terminated at the far end in 75 Q, while the two outer conductors were 
bridged there by a 440 Q resistor. In an initial test, one cable only was 
connected to the fixed transmitter, the other remaining as a passive 
counterpoise with a second 440 0 bridging resistor at the near end.. A mean 
improvement in coupling loss of 6 dB was recorded over that for a single 
length of type 107 cable at 85 MHz.
Both cables were then energized equally, but in mutual phase 
opposition, through a balun transformer; the arrangement is shown in Fig. 14. 
Hie coupling loss for this composite line system was consistently measured at 
\10 dB better than that from the single cable carrying the undivided power, 
representing a threefold increase in coupled signal voltage, again at 85 MHz.
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Consideration of this bi-coa*ial arrangement shows that the 
individual coarial lines in their single-wire modes together form a
balanced bifilar transmission line. The important consequences cf this 
are threefold:
(i) the attenuation constant of the single-wire-mode current on the 
braids will be substantially reduced to that determined by the 
bifilar propagation;
(ii) the characteristic impedance as seen by each coaxial cable in its 
single-wire mode will now be half the bifilar characteristic 
impedance;
(iii) for a given single-wire-mode current in either coaxial cable, the 
coupling loss will be substantially increased owing to the phase 
opposition of the corresponding current in the other cable.
With a reservation to be discussed later, the first of these 
effects would not be expected to be significant using solid-dielectric 
cables as in this experiment, since in such a case the phase-velocity 
difference is the dominant factor (i.e. in equations (15) and (16) of 
section 2.7.1, a and a' are insignificant beside b and b').
The characteristic impedance of the bifilar configuration is 
calculated from the dimensions to be 440 Q. Each coaxial cable in its 
single-wire mode will thus see a characteristic impedance of 220 Q to the 
virtual earth plane which may be considered to exist symmetrically disposed 
between the balanced cables. This value is less than the postulated single­
cable figure of 40 000 Q by a factor of 180 times, and would cause a 
corresponding increase in single-wire-mode current, providing a 45 dB 
improvement in coupling loss.
The third factor would offset this  ^ ,u e&in» t0 a eoing^^ impreCj;se
extent. Allowing for the power division between the two cables, the 
difference being looked for here is 30 - 35 dB, or a thirty-fold reduction 
in signal voltage. This is consistent with the order of difference-field 
which would be expected from considerations of section 2.5.3, assuming a
perfectly balanced line and allowing for the comparatively wide line­
spacing here being employed.
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F fixed base station 
T balua transformer 
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Note: Strictly, the bifilar aspect should be correctly 
terminated at the source end also, in Z '+2 *; however, 
this would involve a split-secondary baJLun transformer, 
and the end-effect considerations of section 2.7*5 show 
that it would make no significant difference
Fig. 14: Bi-coaxial transmission line
Father consideration, Tfce reduction of braid-current attenuation resulting 
from the bifilar configuration has been provisionally dismissed as 
insignificant in the particular case being considered, on the implicit 
assumption that this attenuation is still substantially greater than that 
of the coaxial mode. In fact, a standard calculation based on the physical 
dimensions, and assuming solid copper wires or tubes of the same diameters 
as the braids, yields a value less than the coaxial-mode attenuation by a 
factor of thirty. However, we are not dealing with solid tubes but braided* 
conductors, and on this account a higher figure would be expected and could 
be estimated. Even this more realistic copper loss may be insignificant 
beside the losses to the surroundings due to the comparatively wide spacing 
of the bifilar line, with the resulting spread of the external fields and 
susceptibility to unbalancing disturbances. This last factor is unpredict­
able, but with a well-laid line it is still conceivable that the bifilar 
propagation could be considerably better than the coaxial.
Given this condition, considerations as discussed in section 2.7.6 
then apply, as for conversion into a dominant mode of propagation. A 
steady-state condition between the modes will not be reached until the 
original coaxial-mode energy has been converted or dissipated, the bulk of 
the remaining energy thereafter being propagated in bifilar mode with a 
residual coaxial-mode level established by continuous reconversion.
In these circumstances, a practical bi-coaxial line could provide 
a considerably improved longitudinal propagation over that of a single 
coaxial line for only twice the expenditure on cable. It would have an 
advantage over a simple bifilar line in carrying a reserve of energy in 
coaxial mode, at a constant level below that of the bifilar mode: in the 
event of a localised or temporary loss of the bifilar-mode energy, such as 
by a serious disarrangement of the line or the proximity of an extraneous 
metal object, this reserve could he valuable in allowing a re-establishment 
of the bifilar mode (albeit diminished) beyond the disturbance. In practice, 
the initial energy would be launched directly in both coaxial and hifilar 
inodes in suitable proportions to eliminate the initial conversion process.
To confirm experimentally whether the bifilar mode in the typical 
bi-coaxial arrangement described does in fact become dominant over the 
coaxial mode would require a much longer test run (say 1 km) than the 200 m 
used in the Woodville tunnel, since the lower attenuation now involved would
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accordingly increase the distance required for a steady-state condition to 
he established and would also prolong the end effects. Such lengths of 
cable and a suitably uniform environment were not available within the 
resources of the present work. However, field observations with a bifilar- 
mode signal launched directly on to the braids of the 200 m length have 
suggested the attenuation to be of the same order as or better than that 
of the coaxial mode.
Conclusions. The bi-coaxial line has posed more questions than it has 
resolved, and merits further experimental and theoretical study which it 
has not been possible to include in this investigation. For the present, 
the limited experimental results are not inconsistent with the postulation 
of an unusually high value of single-wire-mode characteristic impedance in 
the Woodville tunnel. The bi-coaxial principle itself offers interesting 
practical possibilities.
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2.8 Miscellaneous observations and consideratema
2.8.1 Lateral range from a transmission 1-inp
The longitudinal range of a transmission-line system is 
determined by the specific attenuation of the line used and the coupling 
loss to a mobile station for the particular conditions. The latter 
quantity has been taken as the worst-position value within the tunnel being 
served, regardless of lateral distance from the line; in the tunnels which 
have been considered, discrete values of coupling loss have not been 
appreciably dependent on such lateral distance. This independence of 
lateral distance, or ‘flooding effect', obviously cannot be taken to 
extremes: but tests conducted in the No. 1 Mersey tunnel during the present 
investigation, using a coaxial cable installed close to one wall, showed 
the following pattern of reliable coupling loss across the 12 m carriageway:
traffic lane 1 2 3 4
distance, m 1.5 4.5 7.5 10.5
coupling loss, dB 80 90 90 90
frequency: 27 MHz cable: type F
Despite an initial decay (consistent with the induction field effect at 
this comparatively low frequency) the subsequent levelline across the 
tunnel profile is apparent.
A completely different situation arises if the lateral range is 
being sought not in the same tunnel but into a branch tunnel which is not 
equipped with a feeder. Such range achieved will be equal to the excess 
signal in the feeder, over and above that required to overcome the coupling 
loss into the equipped tunnel, divided by the natural specific attenuation 
of the branch tunnel. The excess signal available for this purpose will 
depend on the distance along the line from the base transmitter; the 
potential service area, as it now effectively becomes, will take the shape 
of a long slender kite, tapering as it recedes from the base station, with 
its width representing the coverage into the side tunnels. It has been 
verified in tests at Bevercotes colliery that lateral ranges predicted in 
this way, from prior measurements of specific attenuation in side tunnels, 
are closely realized in practice.
100
A further outcome of the Mersey Tunnel tests was a demonstration 
of a substantial coupling of signals through what would seem a formidable 
radio barrier. The tunnel section is in the form of an overall circular 
bore of 13 m diameter. The roadway is supported on parallel walls, at 
0.5 m below the horizontal diameter; it is of reinforced concrete/varying 
between 0.6 and 0.3 m in thickness and surfaced with cast iron setts.
During the tests, measurements were taken of coupling loss into 
the tunnel invert beneath the roadway, from the coaxial cable laid in the 
traffic tunnel close to one handrail. A value of 115 dB was consistently 
recorded, from type F (93^ braid cover) cable at 170 MHz, as against the 
corresponding figure of 93 dB measured in the general body of the traffic 
tunnel. The unexpectedly low figure of 22 dB is thus derived for the 
additional loss through the road surface. The local implication of this 
result is that the particular tunnel might be served by a transmission-line 
system operating through the road surface from the invert, thus avoiding 
certain stated objections to exposed cables in the traffic tunnel, but the 
suggestion was not followed up by the tunnel authority.
2.8.2 Propagation by -parasitic f e e d e r
Passing references have been made to the use of a transmission 
line as a parasitic re-radiator to provide two-way communication between 
two or more mobile stations. In this arrangement, largely pioneered by 
Belgian workers*, the total path loss comprises the two coupling losses in 
series with the line loss between the communicating stations. The strictly 
reliable range for such a mode of operation may thus be determined 
analytically from a knowledge of these losses, in similar manner to the 
driven-line system which incurs only one coupling loss.
However, direct assessment of the reliable range between two 
mobile stations by subjective observation over a sufficiently extended line 
frequently yields a result which must be considered optimistic by 
comparison with the derived figure. If such a result is then used to 
derive in turn a figure for a single coupling loss, on the assumption that 
the two coupling losses involved are equal, the deduced value proves 
unreliable when applied to a driven-line system.
* Leclercq and Lie'geois (private demonstration)
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The key to the discrepancy lies in the difficulty of assessing 
the reliable range in the parasitic mode accurately and in avoiding an 
inherent bias in the direct observation in favour of an optimistic result 
unless the movements of the two correspondents in the test are carefully 
co-ordinated, which is itself difficult in view of the communication being 
marginal by the very nature of the test.
It has been seen that a single discrete coupling loss may vary 
by as much as 20 dB over a short distance in a locality, particularly 
across the profile of a tunnel. Where a driven line is used the experiment 
can be under close control} with the single coupling loss involved, the 
mobile operator can seek out the worst positions relatively easily and 
confident that no other uncertainties are simultaneously involved. When 
two mobile operators work together in an unco-ordinated manner in the 
parasitic system the chances of both adopting their worst positions 
simultaneously are greatly reduced by comparison and the optimistic result 
emerges. In some such tests, one operator merely takes up an arbitrary 
single static position; with the 20 dB random variation assumed, it is then 
clear that there is a 5<# chance that the conclusion will be 10 dB too 
optimistic. The direct assessment method can, of course, be made to yield 
a correct result with perseverence and adequate control, but obviously 
¿as no advantage over the derived method based on single coupling-loss
measurements.
Equally, of course, it is true to say that an operational 
parasitic system can tolerate less positively reliable coupling than would 
be considered acceptable in a driven-line system, on the basis that both 
parties are unlikely to be in their worst positions simultaneously; range 
predictions for such systems may therefore take this factor into account.
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2*8»3 Optimum frequency in transmission-lin«» system..
In planning a radiocommunication system between fixed and 
mobile stations using the transmission-line principle a most important 
system parameter to establish at an early stage would be the preferred 
operating frequency. This choice would almost certainly be governed or 
influenced by any substantial dependence on frequency of the maximum 
range which could be realized from the simple principle, and so this 
aspect must now be studied.
From first principles the longitudinal range can he expressed 
by the simple relationship:
R .  100 • (1 )
where R - range, in metres
S ■ allowable system loss, transmitter to receiver, in dB
C » coupling loss, in dB
A « specific line attenuation, in dB/100 m 
Considering these quantities separately:
System_loss. The allowable system loss, S, is the ratio of the 
transmitter power to the power necessary to provide a readable signal 
at the input terminal of the receiver. Most personal radio sets deliver 
a transmitter power of about 500 mV, and intrinsic safety considerations 
also limit the base-station power to about this value. Associated 
receivers normally require an input signal of at least 1 pV into an input 
circuit of 50 Q impedance. The system loss is simply calculated from 
these figures as 134 dB, and in this context may be regarded as a 
constant•
Coupling  loss. The coupling loss, 0, is defined ae the loss between the
aerial terminal of the mobile set and the transmission line in its 
principal mode, referred to the point on the line nearest the mobile set, 
given a uniform line and environment, the coupling loss will he 
independent of position on the line. The likely frequency-dependence of 
this quantity is difficult to assess theoretically In a rigorous manner. 
Such electromagnetic phenomena as are Involved In the coupling of energy 
over this path are generally found to obey simple power laws with respect 
to frequency. But the path itself is a composite one, comprising
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components operating in both series and parallel, it has been shown, 
for example, that the coupling path may be considered in two parts - 
a mode conversion loss and a single-wire-mode coupling loss in series- 
the conversion factor itself divides into two parallel terms, while in 
the elngle-wire-mode coupling both induction and radiation field 
components may be significant. To obtain a grasp of the overall 
situation, however, it will be provisionally assumed that the coupled 
signal voltage is simply proportional to f/>, taking /3 as a constant, the 
output/mput power ratio for the coupling path may then be written as 
kf , where k also is a constant. Expressed as the coupling loss, in dB,
c  « -10(log k + 2yJ.log f )
or, more conveniently,
C « K - 2O0.log f . . # (2)
Line_lq,ss. The specific line loss for all common forms of transmission 
line is given by
A ■» af^ + bf , .+ DX * • . (3)
The two terms represent the copper loss and the dielectric loss
respectively. The factors a and b are constant for any particular line,
and may be calculated from the physical dimensions and properties of thl
line. More conveniently, they may be obtained directly from the cable
manufacturer or derived from his quoted figures for attenuation at
various frequencies.
Range. Inserting in (1) these adopted values or expressions for S, C 
and A, we obtain
R . 100 K + 20fl.log f
af* + bf - • (4)
The only undefined quantity in this expression Is K. It is the frequency- 
independent component of the coupling loss, dependent on line parameters, 
environmental conditions and in part the aerial efficiency of the mobile 
set. Per any assumed value of fl, the value of K for any particular line 
and set of conditions can be obtained from (2) by measurement of 0 at one 
frequency, while measurement of 0 at two frequencies would determine both 
K and ^8.
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The derivation of equation (4) has made no assertion about the 
direction of transmission over the total path hut instead has assumed 
that the coupling loss, like the line loss, is reciprocal.
The presence in practice! conditions of many intangibles, even 
apart from variations in characteristics of the lines themselves, prevents 
a confident prediction being made of the value of the index ft in any 
given situation, but an estimate of its probable limits may be arrived 
at from a consideration of the expected frequency-dependence of the 
various factors involved. For example, the transfer of current through 
the braid of a coaxial cable has been seen to be substantially independent 
of frequency over the VHF range at least; the corresponding mode 
conversion^ in bifilax lines is a function of the imbalance factors derived 
by Deryck , and in this case a proportionality to frequency is to be 
expected. The field from either type of line in its consequent single­
wire mode will have an induction component independent of frequency and 
a radiation component proportional to it; section 2.5.5 has shown that a 
further frequency-dependence is involved when the balanced field 
contribution from bifilar lines is significant. Turning to the aerial on 
the mobile set, its efficiency for a given length may in practice be 
expected to improve with increase of frequency as the need for bottom 
loading decreases.
On these considerations the practical limits of /3 have been 
taken as 1.0 and 5.0. Accordingly, expression (4) has been plotted as a 
function of range against frequency with set in turn at the integers 
1» 2 811(2 3» K set at typical determined values. The transmission- 
line attenuation characteristic assumed is that of a typical ribbon 
feeder or coaxial cable having an attenuation of 3.3 dB/100 m at 85 MHz.
The resulting curves are shown in Figs. 15, 16 and 1 7.
In Pig. 15, a value of K corresponding to a coupling loss of 60 ¿B at 
85 MHz has been taken, and in Fig. 16 a value of 80 dB at the same
frequency. Fig. 17 shows the effect of varying the assumed value of K 
while y3 is held steady at 2.
The curves all show the same general form, and in particular 
the existence of an optimum frequency giving maximum range. Above this 
frequency, the range falls off in a manner which can be shown to be 
asymptotic to the transmission-line attenuation characteristic. Below 
it, the range falls with increasing rapidity to an eventual cut-off; at
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Fig. 15: Optimum-frequency curves (i)
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Experimentally derived points:
L type F cable at Longannet
V type F cable at Voodville
(vertical spread corresponds to 
±5 cLB error in coupling loss)
frequency, MHz
Fig. 16: Optimum-frequency curves (ii)
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Fig. 17: Optimum-frequency curves (iii)
this point, the total allowable system loss is accounted for by the 
coupling, leaving no energy to overcome line losses. A condition of 
these generalizations is that /3 must be positive in sign.
H * .  17 brings out a point that for a given coupling lav (in this 
case @=2) a change in coupling loss caused by a factor which does not 
change the power law itself - such as by altering the braid cover of a 
coaxial cable - does change both the cut-off frequency and the optimum 
frequency. The same effect results from an alteration of transmitter power 
or receiver sensitivity, and so S from its assumed value of 134 dB.
Experimentally derived points have been added to Pigs. 15 ^
16, based on measured coupling losses at the three standardized’frequencies 
of 27, 85 and 170 MHz with different cables and environments. In Pig. 15 
the performance of the close-braid type P cable in a very wet part of'the 
Longannet mine is indicated, together with that of the same cable in the 
comparatively dry but unusually poorly-propagating Voodville railway 
tunnel. Pig. 16 includes points for the open-braid type G cable in the 
Voodville tunnel, and for a ribbon feeder in the dry conditions at 
Bevercotes colliery.
A common tendency is seen in the mine observations - with 
coaxial cable in wet conditions and ribbon in dry - for the 27 and 85 MHz 
points to follow curves where /3-1; extrapolation of these suggests an 
optimum frequency between 1 and 10 MHz in each case. The 85 and 170 MHz 
points, on the other hand, together suggest a value of equal to zero 
for the ribbon feeder, and even slightly negative for the coaxial cable 
at Longannet.
The Voodville tunnel points again show up the relatively poor 
coupling at 27 MHz in this environment. Between this frequency and 85 MHz 
it is necessary to postulate a value of j3  equal to J for a good fit to a 
theoretical curve; the optimum frequencies are then seen directly to be in 
the region of ?0 - 60 MHz for the two types of cable concerned. Between 
85 and 170 MHz a negative value for J5 is again indicated. The effect of 
this apparent change in £  with frequency is to accentuate the significance 
of the optimum frequency.
The simplified model represented by equation (4) haa thus been of 
value in appreciating the probable nature of the range/frequency relation­
ship and in reaching some useful practical conclusions. The important
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consideration, assuming that y3 remains positive in sign in the lower part 
of the frequency range, is to recognize the existence of the optimum 
frequency; ideally, the system would be operated close to it, but in view 
of the demonstrated very strong dependence on the environment it will be 
preferable to operate in the comparatively 'stable' region above the 
optimum, Tor general application, a safe choice of frequency in this 
respect would be no lower than 2^  MHz,
The treatment is not directly applicable to the case of a 
parasitic re-radiating feeder being used to assist propagation between 
mobile sets, as discussed in the preceding section, though it could of 
course be re-worked to take into account the two coupling losses then 
involved.
2.8,4 Choice of transmission line
Along with the choice of operating frequency, and to some extent 
related to it, a decision on the type of transmission line to be used in 
any given application is also a fundamental one. In this work, two 
specific categories of 'leaky' transmission line have been considered in 
depth - the ribbon type of bifilar line and the braided type of coaxial 
cable. It remains to assess the relative merits of these in particular 
situations and to refer to some other possible constructions of line.
The ribbon line has a very substantial advantage in cost over the 
braided coaxial cable, by a factor of about 8 for the same longitudinal 
attenuation. Its lighter weight and flat profile lead to far greater ease 
of handling on drums and in installation generally. Against a greater 
proneness to accidental damage in hazardous geological conditions, 
particularly on a coalface, may be set the readiness with which repairs 
may be “a11® with the mininlum of tools and eff°rt.
On the other hand, cere is needed in the positioning of a ribbon 
along the whole of its length to avoid such proximity effects as would 
unduly increase the longitudinal attenuationj such attention is not 
necessary with coaxial cables except in 'fringe'areas where coupling looses 
must be minmized. There is still insufficient evidence to Indicate to what 
extent the build-up of contamination on a ribbon may be a problem in dry 
but very dusty conditions, but in wet conditions, particularly in combination 
with coal dust, ribbon feeders are virtually useless. Ooexiai cables remain 
insusceptible in all their characteristics to any likely form of surface
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contamination, as has been demonstrated by deliberately coating1 them with 
wet coal dust or aquadag.
A different type of bifilar line which has not so far been 
applied to the principle but would appear to have important advantages uses 
the open-wire construction. This could be assembled in position from 
separately insulated wires on suitable insulating mounting spreaders. Such 
a line could use a heavier gauge of wire and thus show a lower longitudinal 
attenuation than is practicable with a preformed feeder. Being of 
predominantly airspaced construction it would be free of leakage through 
surface contamination and so would be expected to maintain its performance 
in wet and grimy conditions. The bi-coaxial arrangement described in 
section 2.7.8,is an interesting variation.
As will be seen in the next part, the choice of line may also be 
influenced in both size and type by considerations of the associated 
equipment; these will tend to favour a coaxial type, of similar weight and 
construction to the 'type G' previously described.
Certain non-braided types of coaxial cable have been used or 
proposed for railway communications. All of these involve a slot or 
arrangement of slots in an otherwise solid outer conductor. One such type, 
originating in Germany12, employs a uniform longitudinal slot and is 
constructed with an outer conductor of copper foil; it might be expected 
■to have characteristics intermediate between those of coaxial and bifilar 
cables. Japanese workers J have described cables with carefully disposed 
periodic slots in various configurations. An American cable* has simply a 
standard corrugated outer conductor which is milled to form a series of 
small slots or holes; the coupling mechanism of this type would appear 
similar to that of a braided cable. None of these types has been seriously 
considered in the present investigation since they are all too rigid for 
general mining use. Furthermore, they are all several times more expensive 
than comparable braided cables.
A final thought for this part is that with the cables presently 
being proposed the coupling loss forms only some 50$ of the total system 
loss between fixed and mobile stations; if it were reduced to zero, the 
range would only be doubled. By suitably reducing the line attenuation the 
range may be increased as desired: this is a comparatively simple but 
expensive process, and sooner or later it becomes necessary to look instead 
to the active extension techniques discussed next.
*'Radiax' (Andrew Antenna Systems)
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3 SYSTEMS ASPECTS
It has been shown that by using the transmission-line principle 
the VHF radio ranges achieved in mine and tunnel conditions may typically 
be increased tenfold over those prevailing naturally. Thus, for example, 
by laying an inexpensive ribbon-type twin line, or a more expensive coaxial 
cable having similar transmission and coupling properties, a range of 
1.5 7 2 km between a fixed and a mobile station may be ensured using normal 
equipment operating in the low VHP range.
The actual ranges realized may be optimized by judicious choice 
of transmission line'and frequency, according to the principles developed 
in the preceding treatments, and the planning techniques discussed next. 
However, such coverage is still subject to practical limits and would bl 
inadequate as the basis of a general pit-wide radio system. The 
transmission-line principle itself is essentially a composite one of line 
and radio propagation, and it is therefore natural to look to both these 
separate fields for engineering techniques to borrow in seeking to extend 
the range beyond that provided by the simple principle.
In the following discussions several such techniques are 
examined. The signals in the two directions of transmission are not 
necessarily best processed in the same manner; after an examination of the 
separate possibilities, therefore, these will be combined in pairs and the 
resulting complete two-way systems considered with due regard to other 
factors involved, such as dependence on a particular type of modulation 
being used,
3.1 Single fixed-station coverage
The range of the simple principle has so far been considered as 
a function of the operating frequency and the characteristics of the 
transmission line used. Before proceeding to extension techniques which 
would involve introducing additional active equipment, we must briefly 
consider two further factors which influence the basic coverage.
3*1.1 Transmitter power
The experimental work described in the preceding part has mainly 
used equipments with a transmitter power output of a nominal 500 mW at both 
fixed and mobile stations. This is a typical figure for personal VHF radio
equipment, and Is available from sets meeting the appropriate standards of 
intrinsic safety. It might be considered worthwhile to increase the power 
in the base-to-mobile direction to, say, 5 V and to accept the consequent 
need for flameproofing the fixed-station equipment. However, even if such 
an increase could be made, the power gain would only amount to 10 dU. With 
the types of line proposed, this power difference represents an improvement 
in longitudinal range of only some 15$ - a very small return for such a 
large increase in power. In any case, the power of the personal sets could 
not likewise be increased within reasonable limitations on weight of 
equipment. It follows that 500 mW should be accepted as the maximum power 
for both fixed and mobile stations.
There could well be attractive overall advantages in a drastio 
reduction in transmitter power even from this figure. A reduction from 
500 mW to a modest 5 mW - a 20 d3 change - would entail a loss of only 30$ 
in longitudinal range; yet it could drastically simplify the power supply 
arrangements for the transmitters and open the way to providing d.c. power 
to remote fixed stations over the transmission line itself at an 
intrinsically safe level, a possibility considered further in the 
discussions on line repeater techniques. A corresponding reduction in the 
transmitter power of the personal sets would bring a welcome saving in 
weight and battery requirements.
There is also the possibility to be considered that radio­
frequency energy from a transmitter could accidentally fire a shot-firing 
detonator cap, such as axe widely used in mining. These caps axe provided 
with two leads for connection to a d.c. firing circuit, and the cap is 
supplied with these leads twisted together. Before use, they are usually 
untwisted and may be opened out; in such a condition the device could 
simulate a dipole aerial and possibly resonate at the frequency of a nearby 
transmitter, and it is conceivable that sufficient r.f. energy could bo 
transferred to fire the cap. From a consideration of practical, 
theoretical and probability considerations, the Inspectorate of Mines and 
Quarries have for the present agreed that r.f. powers up to 500 mW in the 
vicinity of such caps will be allowed.
The figure of 500 mW thus emerges as a practical maximum for 
transmitter power on several counts, with important advantages accruing 
from a substantial reduction if the slight loss in basic range is acceptable.
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3.1.2 Feeder networks
When typical linear ranges are quoted for a basic transmission- 
line system they normally refer to a single length of line or feeder 
connected to a fixed station at one end. It is appropriate at this point 
to examine the effects of introducing branches and loops into the feeder, 
as would undoubtedly be necessary to provide complete coverage of a pit in 
an economical manner. It is convenient to first regard the base station as 
the transmitter and the mobile station as the receiver; it will be shown 
that in the particular conditions being considered the useful range may not 
be the same in the reciprocal direction.
Base-station transmission. The simplest variation from the basic end-fed 
feeder is to divide the output power from the base transmitter between two 
such feeders providing coverage in different directions or tunnels, where 
no mutual interaction can occur. Assuming that correct matching to the 
transmitter is preserved, the power supplied to each feeder will be 3 dB 
down on the level it would receive if drawing the full power itself. Such 
a loss is equivalent to about 5°/° of the loss in a single line over its 
basic reliable range, and so practically the full range will be obtained 
along each feeder. The total effective range has thus to all intents and 
purposes, been doubled by splitting the signal in this way.
As an extension to this arrangement, it will often be possible 
to split the transmitter power output four ways. For example, in a 
situation where two very long parallel tunnels are connected by a short 
cross-cut the fixed station may be sited in the cross-cut and the four 
feeders taken off in four different directions; the layout would resemble 
an elongated and slender 'H' with the fixed station at the cross-bar. In 
such an arrangement the four feeders might conveniently be connected in 
series-parallel to preserve the matching impedance of a single feeder.
Again asstiming correct matching, the power in each feeder would be 6 dB 
below the level for an exclusive feed; each feeder would thus realize about 
JOfo of the basic single-feeder range and the service range of the base 
transmitter would be almost quadrupled.
A frequent requirement would be to split a feeder into two 
branches at a point some distance from the fixed station. Still assuming 
a correct match, the loss to each branch would again be 3 dB compared with 
the incoming power to the junction, and each branch would realize the
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remaining range in hand at the point but for the equivalent distance to 
that loss, or about 5 of the basic range. If matching were neglected, and 
the feeders simply connected in parallel or series, the loss to each would 
still only be 3«5 dB.
Still regarding the direction of transmission as from fixed 
station to mobile, the range of any system may thus be traced from the 
fixed station along any single-path route, subtracting the appropriate 
equivalent distance from the basic longitudinal range for each junction 
encountered.
If any branches should subsequently be allowed to rejoin, 
forming closed loops in the system, the inevitable effect will be to set 
up standing waves in the feeder in the region where equal signals are 
received from opposite directions. Such conditions may always be avoided 
by not closing the loops completely, but standing waves in the feeder are 
not necessarily undesirable since the evidence from the experimental work 
is that their effects at the receiver are generally completely masked by the 
natural propagation range in the tunnel in the manner of the radiation from 
a normal standing-wave aerial, and also by multipath effects in the tunnel 
itself. Such looping could provide useful redundancy against line breakage 
if the feeder should also be used for conveying d.c. supplies or other 
forms of signal between fixed points in the system. It is important, 
however, that no spurs or branches be taken from the standing-wave region 
of a loops in such conditions a serious mismatch could occur at a junction, 
possibly resulting in complete deprivation of signal to the branch if the 
junction should coincide with a nodal point in the loop.
Base-station reception. From reciprocity considerations the total 
attenuation of the signal along any path must be the same in both 
directions of transmission. To this extent the same range will be realized 
in both directions, assuming equal transmitter powers and receiver 
sensitivities.
A factor which could modify this reciprocity, by effectively 
introducing a non-linear or non-reciprocal element into the overall 
communication path, is the signal/noise ratio of the received signal at 
the fixed station. It applies in some measure even to the simple end- 
connected linear system, but could be aggravated by heavy resort to 
branching. All the experience so far suggests that radio-frequency noise 
is not likely to be a problem in mines. Atmospheric disturbances can 
certainly be ruled out, together with other radio transmissions and man­
made interference originating above ground; there remain the possibilities 
of interference from underground apparatus and thermal-agitation noise 
generated in the feeder itself, neither of which has been evident in any 
of the work carried out. Any such noise which did occur would be more 
troublesome to the fixed receiver owing to its more extensive catchment 
area for electrical interference and its direct sensitivity to any noise 
generated in the feeder itself, and so in these circumstances the practical 
ranges in the two directions may not be the same.
Where this reservation applied, the useful range of reception 
by a fixed station to be expected along a given path through a network 
would be estimated independently by a process similar to that applied to 
the outward transmission, by subtracting from the basic maximum range the 
length of feeder corresponding in attenuation to every junction encountered 
in its path. In this direction, however, every such junction will have the 
further effect of degrading the signal/noise ratio, since the signal and 
noise from one branch of the feeder will be joined by noise from the other 
branches. If each feeder extends for the whole'of its useful range, and 
the noise sources are uniformly distributed throughout the system, then in 
the case of the simple two-way branch the signal/noise ratio will be 
worsened by 3 dB; with the four-way branch previously considered the figure 
would be 6 dB. Owing to the logarithmic decay of the noise along the line 
as for the signal, the noise contribution of a branch feeder will not be 
expected to be greatly dependent on its length.
Further examination of the question of signal/noise ratio and 
its deterioration, and the formulation of more precise rules for the 
estimation of receiving range, would only seem necessary in the unlikely 
eventuality of ambient electrical noise or thermal noise proving 
significant in practical systems.
J.1.3 Commissioned exercise.
During the course of the investigation advice and assistance was 
given in several cases where radio communication was required in tunnels 
or confined spaces but had proved impossible or inadequate by normal 
direct means. This service was provided on a complimentary basis in 
return for the useful experience and opportunities for further experiment 
thereby provided. It is convenient at this point to give one such 
practical illustration of some of the principles which have been discussed 
so far.
At Copenacre, Wiltshire, a group of worked-out underground stone 
quarries is used by a Ministry of Defence department as a store depot. In 
the interests of efficient fire-fighting precautions it was highly 
desirable to provide reliable radio coverage of each quarry from a 
specified point within it. It was known from experience that the standard 
VHP personal sets used by the local fire brigade were virtually useless 
for this purpose, and so advice was sought from the National Coal Board.
A visit was accordingly made and preliminary tests carried out in 
one quarry. As illustrated in Fig. 18, it is of irregular shape but may 
be contained within a rectangle measuring 420 m x 220 m. The quarry has 
been worked on the room-and-pillar principle, with a network of major 
roadways included as shown. (The orientation indicated in Fig. 18 is 
notional.)
Free propagation tests were first made at frequencies near 27, 80, 
170 and 460 MHz using standard personal radio equipment. Ranges were 
similar in all cases, at about 90 m. At 80 MHz only, tests were then made 
with one of the communicating sets within the screening box with variable 
attenuator, feeding an external dipole aerial. By a substitution 
procedure, the attenuation through the quarry workings was evaluated at
1.4 dB/m.
On a subsequent visit, a total of 1350 m of a ribbon feeder (a 
flame-retardant version of BICC type T3101) was laid through the quarry.
It was suspended well above head height by loops of nylon cord from 
existing cable hangers, lighting fittings or other convenient points; it 
was generally kept at least 15 cm clear of other cables or metal-work.
The communication requirement had specified that the necessary, full radio 
coverage should be obtainable from a temporary fixed base station sited on 
the NW edge of the workings, using frequencies near 80 MHz. A route for
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the feeder was accordingly planned from this point with the essential aid 
of a map of the workings, due account being taken of the linear diminution 
in lateral range along the feeder to be expected from its known 
characteristics. Prom the known coupling loss in mine conditions and the 
results of the preliminary free-propagation tests a conservative estimate 
of 45 m was arrived at for the initial lateral range.
The planned route included a large closed loop, following for the 
most part a roadway which ran conveniently close to (but not alongside) 
the perimeter of the store area. The SE corner of the store was bypassed 
by the main loop and served instead by a long spur. Two further spurs 
served the extreme Eastern edge of the store and a compound within the 
main loop; the latter area was otherwise effectively shielded for radio­
frequency signals by a wire-mesh fence which enclosed it. In connecting 
the spurs, care was taken to avoid the standing-wave region, nodal to the 
base-station feed to the loop.
Following installation of the feeder, complete coverage of the 
store area was demonstrated from the designated base-station position 
using the specified frequency band. To have covered the area without 
feeder would have required four or five carefully sited base stations.
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5*2 Lino repeaters
Analogy with line communication practice suggests that 
transmission-line losses in the present application could be made up 
periodically by inserting amplifiers or 'repeaters' in series with the 
line. As the principle stands in its simple form, however, there are a 
number of unusual factors which may prejudice the feasibility of such 
techniques; prominent among these is the use of a VHF carrier frequency 
in circumstances with no close parallel in line communications.
In the base-to-mobile direction of transmission, it would be 
necessary to insert a repeater when the signal level in the line fell to 
-65 dBV, corresponding to a coupling loss of 74 dB to a mobile receiver 
of 1 nV (50 Q) sensitivity; this is still a high level by comparison with 
all likely forms of noise and so no deterioration in signal/noise ratio 
would be expected to result from the cumulative effects of many successive 
repeaters. At first sight it might appear advantageous to design each 
repeater with as high a gain as possible so as to minimize the total number 
required, but consideration shows this not to be the case. If a repeater 
could be designed to have a gain of 60 dB, then its output would not be 
less than -5 dBV or 500 mV; assuming an overall efficiency of 50$ in the 
device, the d.c. power requirement would be 1 V. At 2 km spacing between 
repeaters, which would correspond to the requirements using the heaviest 
practicable cables (e.g. type G) at 85 MHz, such power for the number of 
repeaters which would be required in a typical system could not be supplied 
over the line, a desirable end in the interests of economy and simplicity. 
If, however, the gain of each repeater were reduced to 50 dB, the output 
power would be -55 dBV, or only 0.5 mV; thus, by accepting a doubling of the 
total number of repeaters required, the output requirement of each has been 
reduced a thousandfold. A correspondingly dramatic reduction in the d.c. 
power requirement could not be expected, but the energizing of all repeaters 
over the line from one or two intrinsically safe sources becomes feasible.
In practice, the output power capacity could probably be increased to 50 mV 
without appreciably affecting the d.c. demands; the gain could likewise be 
increased to 40 dB, so providing a reserve against contingencies with a 
nominal 1 km spacing.
In the mobile-to-base direction, different considerations apply 
but lead to similar conclusions. The signal induced in the line from a 
mobile transmitter would not be dependably greater than -77 dBV, corres­
ponding to a transmitter power of 500 mV and again a coupling loss of 74 dB.
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After 2 km of line this level would have fallen to -134 dBW, or 1.2 nV.
This is uncomfortably close to noise levels, and if approached at the 
inputs of successive repeaters could lead to a severe degradation of the 
signal/noise ratio. Furthermore, it could be useful to be able to reduce 
the mobile transmitter power to, say, 50 mV; allowing for such a 10 dB 
reduction in received signal, a maximum acceptable line loss between 
repeaters of 30-55 dB is indicated. Again, therefore, a 40 dB gain would 
be adequate in each repeater. In this case, the actual output signal 
would be substantially lower than that from a base-to-mobile repeater but 
this as we have seen would probably not further reduce the already modest 
d.c. supply requirement.
3.2.1 Stability considerations
The gain of a repeater would appear to be limited by a risk of 
instability arising from the inevitable coupling between the input and 
output lines. On the assumption that the repeater would be of small physical 
size and that it would not be practicable to effectively earth the case or 
body for r.f. currents, single-wire mode currents generated on the output 
line would be conducted directly back to the input feed, there to be 
reconverted and presented as primary-mode (coaxial or bifilar) signals. 
Depending on phase relationships, instability could result if the repeater 
gain exceeded the sum of the two conversion losses involved.
For coaxial cables the risk may be assessed quantitatively from 
the developed mode-conversion theory. The present condition is represented 
by two collinear transmission lines, isolated at the juction as far as the 
coaxial modes are concerned but continuous for the single-wire mode currents, 
which are conducted across without loss. One line, that from the repeater 
output, is driven at the junction in coaxial mode; this is a case of the 
end-effect condition at a coaxial source, as discussed in section 2.7»51 
and the current transfer factor is
K(a'2 + b'2)“^ * • . (1 )
In the other line, to the repeater input, we are dealing with a 
conversion in the opposite direction. Consideration shows, however, that it 
is not a straightforward case of reciprocal conversion as discussed in 
section 2.7.6, since there we were concerned with a virtual source of 
transferred current, observed remotely; here, we wish to know the actual 
transferred coaxial current at the point where the single-wire mode current 
is launched. To establish this, we need to apply the original treatment of
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section 2.7.1 but with the reversed direction of transfer kept in mind. 
The condition is expressed by putting ■ 0 and when a and
b vanish and the current transfer factor to coaxial mode at the repeater 
input terminal is
K'(a«2 + b ’2)“£ . . (2)
Taking the effects of both conversions in tandem, and assuming 
for the present purpose that the same type of cable is being used on both 
sides of the repeater, we may write the overall current or voltage transfer 
factor as the product of (1 ) and (2), taking the opportunity to substitute 
for X and X*:
“T
Z Z - t a ' '0 0 + b»2)
(3)
We may disregard a* beside b', which itself varies only between l6/\ and 
14/k for all practical types of cable, whatever the dielectric construction. 
Taking a working mean value of 15A *  we obtain for the overall transfer 
factor
2 2
225Z z 1 0 0 (4)
This is substantially independent of frequency owing to the inherent 
proportionality to frequency in Z^.
The reciprocal of this expression represents the maximum repeater 
gain which would be stable under all possible conditions of phasing. 
Expressed in decibels it is
225Z Z '
• 20 l o g ---dB . • . (5)
¥  X
Taking a value for the product Z^\ as that for a typical 67$ braid cable 
(7 Q, for type G), and putting Zq ' at ¿00 Q as the lowest conceivable 
value, we obtain a figure of 100 dB, which provides a very substantial 
stability margin over any practicable value of repeater gain.
Expression (5) may be compared with expression (4) of section 
2.7*7» which gave the forward transfer across a coaxial-mode gap. There is 
a difference in the substitution of a' and b ’ for a and b, representing the 
present concern with the currents at the gap rather than with distant 
effects. The comparison shows that the stability of a repeater of a given 
gain could not be assessed simply by measuring a forward gap loss in the 
known conditions.
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General motile radiocommunication practice suggests an alternative 
approach in the present objective of extending the basic range of the 
transmission-line principle. This is to use multiple base stations, 
controlled from a central point, to provide between them the required 
coverage. But the technique brings problems, particularly where the base 
transmitters are concerned.
In any such system of unbroken coverage, there are bound to be 
•overlap’ areas where a mobile receiver is within range of two or more 
base transmitters; although these will nominally be operating on the same 
carrier frequency, inevitable slight differences would result in the 
production of a heterodyne whistle at the mobile receiver and render the 
signal unreadable. To avoid this by keying the transmitters individually 
would be inconvenient since the whereabouts of the mobile party might not 
be known; nor would it be satisfactory to have to re-tune the mobile 
receiver in passing from one sector to another.
3.5.1 Multicarrier operation
The method which is extensively used by the Home Office to avoid 
such interference between base transmitters in the VHP radio systems of 
police and fire services is known as ’multicaxrier' or 'offset-carrier' 
operation and was originally described by Brinkley1^ . In this arrangement, 
the carrier frequencies of the individual base stations, normally numbering 
up to three, are staggered to an extent which ensures that any heterodyne 
notes are above the pass-band of the receiver audio-frequency circuits and 
so are not beards at the same time, the intermediate-frequency circuits 
are designed to accommodate all the carriers without need for re-tuning.
A disadvantage of the method, leading to its increasing disfavour 
in surface radio schemes, is its extravagance in bandwidth. For under­
ground systems, where bandwidth restrictions would not apply, the 
technique is still an attractive one.
The multicarrier system has apparently been used only with 
amplitude modulation. It would, however, appear feasible with frequency 
modulation providing the discriminator were suitably designed with the 
necessary bandwidth. In the present application particularly, path lengths 
would be similar for all transmissions being simultaneously received; if
3.3 Multiple base transmitters
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the same modulation index and phase were ensured for all transmitters, the 
spacing between carriers need be no greater than for a.m.
The technique is not to be confused with the more recent one of 
»quasi-synchronous» operation, where carrier offsets in a frequency- 
modulated system are arranged to produce beats in the sub-audio range; 
highly stable crystal oscillators are thereby involved, within temperature- 
controlled ovens, and so such a technique would not be suited to mining 
use.
5.3*2 Common drive
The crystal-oscillator frequency of a frequency-modulated VHF 
transmitter is typically within the range 2 - 5 MHz, the final carrier 
frequency being obtained by successive stages of frequency multiplication. 
Kadio-frequency energy in this crystal-oscillator range would propagate 
along the transmission line with negligible attenuation by comparison with 
carrier-frequency energy, and so the possibility arises of employing a 
common crystal oscillator at one 'master' base station to drive the 
remaining 'slave' stations as well as the master itself. The resulting 
VHP carriers of the transmitters would be synchronized and heterodyne 
problems avoided.
The common-drive principle would be particularly suited to 
frequency modulation, since this takes place at the crystal frequency and 
so would be inherent in the drive signal. Amplitude modulation must take 
place after all frequency multiplication if severe distortion is to be 
avoided, and so would still necessitate the modulation signal being fed to 
each base station.
A characteristic of all synchronized transmitter operation is the 
standing-wave pattern set up in each overlap region between transmitters. 
In the present case, this would occur basically within the transmission 
line itself in a similar way to that of the looped line from a single 
transmitter, previously discussed; the coupling process then 'buffers' the 
mobile station from these standing waves, while introducing multipath 
effects of its own.
124
3 . 3.3 Gapped line
In surface radio communication and broadcasting, interference 
between co-channelled transmitters is generally less troublesome with 
frequency modulation, owing to the characteristic ’capture effect' by 
which a receiver tends to respond only to the stronger of two incoming 
signals at the tuned frequency to the complete rejection of the other«
A differential of 10 dB is typically required for complete capture. In 
the present application, the random variation in each signal due to 
multipath effects would increase by 20 dB the design margin to be allowed 
for reliable capture in one direction. In terms of transmission-line 
attenuation, this typically represents a total distance of 500 m over 
which there is a risk of confused signals. Capture effect in itself is 
thus clearly not adequate to satisfactorily restrict the overlap regions.
By introducing a gap into the transmission line, however, the path 
attenuation immediately beyond it from each transmitter is increased to 
that of the tunnel itself, or about 0.5 dB/m. Assuming such a gap were at 
the nominal equi-signal point in the line, the required differential would 
be ensured within a distance of 30 m in either direction; this might well 
be considered an acceptable performance, especially since a usable signal 
could usually be found well within these limits by probing.
To be fully effective such a gap must be complete; any bypassing 
for single-wire-mode currents, as might arise through close parallel 
conductors, would partially defeat the object.
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3»4 Multiple base receivers
No corresponding problem normally arises in the reception of 
signals from mobile stations by multiple receivers deployed as necessary, 
providing that the signals are fully demodulated into audio-frequency form 
in each receiver before being combined. Over the longest audio-frequency 
link paths likely to be encountered between successive base receivers in an 
underground system - say 4 km - phase differences on combination would be 
negligible; care must of course be taken to ensure the correct polarity of 
signal.s for in-phase summation.
Incidental advantage might be taken of the transmission line and 
its superior performance at lower frequencies to extract the signal from 
the base receivers in i.f. form (e.g. at 455 kHz) and relay them over the 
transmission line for final demodulation at a 'master* base station. In 
such a case, overlap difficulties could arise in the form of heterodyning 
of the signals from different base receivers at the common nominal 
intermediate frequency; multicarrier techniques could then be applied to 
stagger the actual intermediate frequencies suitably.
Surface radiocommunication systems often employ automatic 'voting* 
techniques which ensure that only the best received signal from the 
various base receivers is presented to the operator, undegraded by any 
poorer signal contributed by a less favoured receiver whose mute may 
nevertheless have been lifted. A simple alternative is to set back the 
local mute or 'squelch' threshold in each receiver so that only perfectly 
readable signals are passed on; an overall lowering of the sensitivity of 
the receiving system inevitably results from this, but in terms of 
percentage reduction in range the effect would be far less severe in a 
transmission-line system than in surface free-radiation systems.
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3.5 Complete systems
Ifce methods which have been discussed for extending; the basic 
range, as applied separately to the two directions of communication, may
be combined in pairs in a variety of distinct two-way systems as set out 
In Table 8.
Whatever system Is adopted, the complexity of the apparatus 
involved depends on operational requirements in one important respect: 
this-is the question of simplex or duplex operation of the entire fixed 
system. Simplex operation implies that the transmission path need only be 
open in one direction of communication at a time, and that operational 
disciplines and procedures are such that both parties to a conversation 
will simultaneously interchange the functions of their equipments between 
•transmit' and 'receive' modes as necessary without confusion. Duplex 
operation follows the pattern of a normal telephone conversation, where 
the transmission path is open in both directions simultaneously and no 
special operational procedure is required. In a duplex system, the trans­
missions in the two directions must obviously be on different frequencies; 
even so, assuming a common transmission line for the two directions of 
communication, it would normally be necessary to incorporate additional 
filtering or hybrid arrangements to prevent signals at comparatively high 
level in the base-transmit direction from breaking through into the return 
path and so causing instability of the system or blocking.
So far as straightforward two-way communication between a central 
operator and a mobile party is concerned, simplex operation is adequate; 
in most cases, in fact, the issue would be determined by the personal 
equipment, which must normally be simplex in the interests of simplicity. 
There are a number of desirable supplementary facilities to any system, 
however, which themselves require that the fixed equipment at least shall 
be capable of duplex operation. The most important of these is known as 
•talk-through', where the fixed system re-transmits on its own frequency 
all signals received from mobile stations, usually at the discretion of 
the central operator. This allows mobile stations to converse directly 
together (in simplex mode) wherever they may be in relation to one another; 
such a facility may be considered essential, and in a fully simplex system 
would only be possible over a limited range by unrelayed parasitic 
propagation between the mobile stations using single-frequency operation.
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A second facility of semi-duplex operation allows the central 
operator to broadcast an engaged signal, e.g. «busy pips', while he 
himself is receiving a message (which other mobile stations would not 
hear), as an indication that the system is occupied. A further 
consideration recognizes a possible requirement for the fixed radio system 
to be extended through to an ordinary telephone system; in this case the 
static party, using a simple telephone instrument, would have no means of 
switching the radio equipment between modes and so again duplex operation 
of the fixed installation is called for.
Coming now to the individual arrangements set out in Table 8, 
system A is in many ways the simplest. Using line repeaters in both' 
directions, it avoids the need for any ancillary signal paths beyond the 
main base station. The overall advantage of the system would also depend 
on separate power sources at each repeater being unnecessary. A logical 
arrangement of the system would be to combine 'go' and 'return' repeaters 
in pairs; for duplex operation, filtering or hybrid circuits would be 
necessary to keep the paths separate, while for simplex the paths would 
instead be opened up alternately by remote switching, such as by merely 
reversing the polarity of the d.c. supply fed over the line.
Ofcere appears an attractive possibility of a simplified repeater 
arrangement in a duplex system. The fixed receiver would be separated out 
from its associated transmitter and sited instead at the remote end of the 
transmission-line system. All useful signals in both directions of 
communication would then be propagating in the same physical direction 
along the line, from fixed transmitter to fixed receiver. Simplified 
single-path repeaters of adequate bandwidth would then amplify all such 
signals with no need for any filtering or hybrids, the remote receiver only 
being equipped with any necessary additional filtering.*
Six of the systems tabulated (EFHJLM), on the other hand, adapt 
the conventional radio technique of multiple base stations. In a duplex 
system, some initial measure of isolation could be obtained by physical 
separation of the transmitters and receivers, such as by spacing them 
alternately along the line; but it would seem preferable to minimize the 
number of installation items by keeping them together and relying on 
adequate filtering, such as is available in commercial 'diplexers' or 
'branching filters'.
The collaborationof Q.V. Davis (University of Surrey) is 
acknowledged m  the formulation of this proposal
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Table 8: Ertended systems
_ ^  reiaaininS five systems (BCLGK) use mixed techniques for range 
extension. They would appear to have no inherent advantages over using 
either technique exclusively, except that in systems B and C it might 
prove that the line receivers were simpler than the return-path repeaters
of system A in a layout where extensive branching of the transmission line 
were involved.
3.5*1 Modulation method
Several of the techniques and proposed cooplete systems presuppose 
a particular method of modulation. It is appropriate to consider these 
now, and also any other factors which may influence the choice of 
modulation.
Fundamentally, the line repeater technique does not preclude either 
of the common forms of modulation. But it would impose limitations on the 
planning and future modification of a system, and on the design and 
efficiency of the repeater itself, if amplitude linearity had at all times 
to be preserved; preferably, then, frequency modulation should be used in 
repeater systems as being comparatively insusceptible to shortcomings in 
this direction. The common-drive and gapped-line techniques for base 
transmitters are more firmly restricted to frequency modulation. The 
principle of multicarrier base transmitters has only been generally 
applied with amplitude modulation, but would appear feasible with f.m; 
one point to be taken into careful consideration is that f.m. receivers 
usually employ a noise-operated squelch circuit which could be defeated by 
certain out-of-band heterodyne notes. Line receivers with a.f. output 
would not influence the modulation method, but for those with i.f. output 
the multicarrier considerations apply reservations to the use of f.m.
There is no rigid reason why the same method of modulation should 
necessarily be used in the two directions of communication. But if 
standard commercially available equipment is to be used as the personal 
sets, or at least as their basis, then such a condition must apply. 
Returning to Table 8, we thus see that all systems demand the use of f.m. 
except systems E and F, which could use a.m. and might preferably do so.
For normal surface applications, controversy still rages over the 
claimed relative merits of a.m. and f.m. Many of the arguments - such as 
those concerning ignition interference - will not apply in mining. It may 
be presumed that bandwidth restrictions would be relaxed in underground
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communication; this would favour f.m. to the extent that wider deviations 
would be possible, but again within any limitation which might be imposed 
by a need to use available equipment»
A point which must briefly be considered arises from the standing 
waves which might appear on the transmission line as a result of 
discontinuities or loops in the line, or from the use of common-drive 
transmitters. In the presence of frequency modulation the waves would 
move in sympathy with the modulation, and over distances of many wave­
lengths the cumulative movement could effectively superimpose a heavy 
amplitude modulation on the received signal, sufficient to drop it below 
the limiting level and cause severe distortion. Special tests have failed 
to show up any such effect, which seems likely to be masked by multipath 
propagation in the tunnel itself as previously mentioned.
A factor which in itself could determine the choice of modulation 
method is that of intrinsic safety of the personal equipment. Low-power 
f.m. radio sets may be made intrinsically safe with little difficulty; an 
a.m. transmitter, on the other hand, almost invariably incorporates a 
modulation transformer, and this cannot be rendered safe in any simple way 
without drastically reducing the r.f. power output and efficiency. The 
problem is not serious in the base-station transmitter, since the lesser 
need for compactness and efficiency allows more scope for modification, 
including the possibility of replacing the modulation transformer by a 
series modulator.
The overall conclusion must be that frequency modulation shows 
more promise for a system, but that the question might need to be 
reconsidered if the multicarrier technique, which itself has advantages, 
should prove impracticable with frequency modulation.
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3.5.2 Diversity effect
Ve have seen in chapter 3.3 that the use of multiple base 
transmitters to extend the basic range requires the adoption of one of 
a number of possible techniques to avoid undesirable mutual interference 
effects between the transmitters in the overlap areas. One such method 
minimizes the problem by effectively reducing the extent of the overlap; 
another synchronizes the transmitters so that a virtual single source is 
presented in the overlap region; a third allows the mobile receivers to 
demodulate both incoming signals and then sum them while rejecting the 
beat note. Corresponding overlap between the base receivers presents no 
such problems assuming that the incoming signals are separately demodulated 
into coherent audio-frequency form before being recombined. Nor do 
overlap difficulties arise in repeater systems, since the radio-frequency 
signals are there coherent throughout.
It will now be shown that the overlap between base-station ranges 
can provide a useful advantage in itself, and this may be taken as a bonus 
extension of the overall range, over and above the simple summation of the 
individual ranges. The effect arises from the diversity action of two 
adjacent base stations in partially overcoming the general fluctuations in 
coupling due to standing waves within the tunnel. For the advantage to be 
obtained in the base-to-mobile direction of communication the multicarrier 
technique must be employed.
The figure of 20 dB has been quoted earlier as the typical 
variation in discrete values of coupling loss encountered in any particular 
region of the tunnel. Assuming that the values follow a normal distribution 
curve about a mean, suppose for example that in one such particular case 
the condition can be more precisely expressed as a 90# probability that any 
discrete measurement of coupling loss will show a value within 10 dB of the 
mean. Half the remaining 10# will be at least 10 dB worse than the mean; 
we are only interested in this side of the curve, and so may state a 95# 
probability that any discrete value will not be worse than the mean by 
more than 10 dB. In this context, 95# probability of communication may be 
considered the criterion of 'reliable* coupling; thus, the mean discrete 
value of coupling loss will be 10 dB better than the adopted 'reliable' 
figure.
If, now, the region in question is served by two base stations 
providing mutually incoherent signals of nominally equal strengths from
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opposite directions, the respective standing wave patterns in the tunnel 
will be similar in amplitude but unrelated in phase. The mobile receiver 
will accept signals equally from either standing wave pattern, and so a 
simple calculation shows that the same 95<fo probability of receiving a 
usable signal at any point is now achieved by accepting a 78fo probability 
from each source. This in turn corresponds to a 55# probability zone of 
the complete distribution curve. Reference to the appropriate 
mathematical tables shows that the overall change from 90# to 55$^  
corresponds to a change in T-value from 1.6 to 0.75. With the figure of
1.6 equated to the original 10 dB limit, a value of 5.5 dB is obtained as 
the acceptable shift in both distribution curves while preserving the 
original reliability of communication. This gain becomes available for 
overcoming additional line loss, and so with the typical lines proposed 
would represent an additional range of over 100 m to each base station.
Apart from this diversity effect, there would be a mean gain of 
6 dB in the nominal equi-signal region of the line due directly to the 
summation of demodulated signal voltages from the two carriers. Divided 
between the two base stations it represents a further similar extension on 
the basic range of each. This 'summation' advantage applies equally to 
the case of synchronized transmitters: the diversity effect does not, 
since there is effectively a single source and a single coupling. The 
gapped line technique forgoes both advantages since it deliberately 
strives to segregate the ranges of the two adjacent stations.
In the reciprocal direction of communication, the base stations 
will also provide diversity reception. This may not be clear on first 
consideration, since there is undeniably only a single standing wave 
pattern set up by the mobile transmitter. However, the chances of this 
pattern propagating a usable signal in the line are essentially different 
in the two directions.
The summation advantage is only 3 dB in base-station reception, 
since the two receivers see separate and non-coherent noise (of which the 
demodulated powers add) and coherent signals (of which the demodulated 
voltages add). This may be taken as a range extension only if the mute 
thresholds in the receivers are adjusted accordingly, since the 
signal/noise ratio at each receiver is not affected.
The diversity advantage has been clearly demonstrated in the 
engineered system as described in part 4.
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3.5»3 Ancillary links and control
In table 8, the all-repeater system (a ) is alone in requiring no 
ancillary signal links to the deployed fixed equipment. Its attraction 
does assume that the neccesary power supplies could be fed over the 
transmission line from common sources, together with any signals for 
switching directivity in a simplex arrangement.
Multiple base stations on the other hand require the signal 
intelligence to be conveyed additionally in separate form, if not in 
separate physical paths, from the carrier-frequency energy on the lines 
transmitters need their modulation or common-drive signal, while receiver 
outputs have to be forwarded in a.f. or lower r.f. form and suitably 
combined for presentation at the control position. In simplex systems 
remote control of the send/receive function in the base stations is alio 
required; some degree of remote switching is also desirable in duplex 
systems, to avoid unnecessary operation of circuits and so conserve 
battery-maintained power supplies. In view of limitations imposed by 
intrinsic-safety considerations, it is unlikely that d.c. power for more 
than one complete base station could be supplied from a single source.
A parallel with surface radiooommunication practice again arises: 
all necessary control and link signals might be carried over the primary 
medium - in this case the transmission line - or a separate metallic path 
may be provided for the purpose. System J (and the mixed systems C and G) 
would fall naturally into the first arrangement; the remote control of 
transmitters could be effected through the presence or absence of the 
common-drive signal itself, while any other necessary switching functions 
could be performed through suitable d.c. potentials on the line.
In the remaining systems, the audio-frequency signals might also 
be passed over the transmission line, again with control functions 
exercised by superimposed d.c. potentials. The alternative in these cases 
would be to provide a telephone-type pair of vires for the putpose, 
linking all base stations. If the central control position were located 
on the surface of a mine, as is envisaged would commonly be the case, the 
use of such a pair as a link to the underground system would be necessary 
since the laying of a radio-frequency transmission line in the shaft itself 
would not be warranted.
Any such use of a single omnibus a.f. link between the base
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stations and the control point would complicate the provision of the 
'busy pips' facility, discussed earlier, where the base transmitters 
require to be dissociated from the speech path and supplied with the 
pip-tone. The 'talk-through' facility on the other hand is quite 
compatible with the omnibus speech circuit.
3,5.4 Choice of operating frequencies
It has been concluded in section 2.8.5, on grounds of maximizing 
range, that the carrier frequency in a transmission-line system should be 
no lower than 27 MHz, and preferably not substantially higher. It is now 
necessary to consider briefly how other factors may affect the final 
choice.
An important inherent advantage of the transmission-line principle 
is that the market is already well provided with compatible VHP personal 
radio equipment, thus avoiding the need for special development in this 
area before systems could be designed and evaluated. This in itself, 
however, imposes some restrictions on the choice of operating frequency 
since such equipment is generally not available to operate below 68 MHz, 
which is the lower limit of the mobile radiocommunication wavebands in the 
United Kingdom.
The other major consideration is that of frequency allocation and 
licensing. It is not expected that radio systems confined to mine 
workings and tunnels will be subject to the normal severe restrictions on 
operating frequency. However, it may often be necessary in certain types 
of mine, where the usual shaft is replaced by a sloping 'drift', to extend 
the radio system to the surface. In such cases, the personal sets at 
least would be considered as radiating apparatus, and this would require 
the frequency to be in one of the recognized bands for such purposes. One 
such band is the 'VHP low band', which provides for base and mobile trans­
mitters to operate on specific frequencies near 85 and 72 MHz respectively.
The loss in range through moving to these channels from the 
preferred frequency of 27 MHz is not serious; the conclusion on both 
cotints, therefore, is that any standardization for this application should 
be on the use of the VHP low band. In a strictly simplex system, single­
frequency operation may be used in the same band, allowing a limited 
direct communication between mobile sets; for any system requiring the 
base stations to operate in duplex mode a two-frequency channel would be 
taken.
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4 ENGINEERED SYSTEM
It became necessary to interrupt the experimental and theoretical phases 
of the work at an early stage to develop and design a practical system based 
on the principles and findings established so far. This was to meet an urgent 
need at the Longannet complex of linked pits in Scotland, where all coal is 
gathered on to a 9 km conveyor belt in a straight underground roadway and 
delivered up a sloping tunnel or drift to supply a new generating station.
fhe specific requirement was for a personal two-way radio system to 
provide communication between a central controller on the surface and a 
number of patrolmen in the long conveyor roadway, with the object of more 
speedily detecting and rectifying any problems with the belt or its feeds 
and so minimizing stoppages. The original intention of the local engineers 
concerned had been to commission a firm to develop a system using low-frequency 
inductive-loop techniques as the only possible basis then generally known in 
mining communications, and a contract had been placed. A later demonstration 
of the encouraging results being recorded at Bevercotes colliery in the 
present work led to the cancellation of the contract and a decision to adopt 
VHP techniques; responsibility for the development was then transferred into 
the present investigation.
The VHF low band was chosen for the system from considerations 
discussed in the preceding section. This allowed a small choice of personal 
radio sets available in intrinsically safe versions, albeit in Class 2 and 
so not immediately usable in mines. The set selected, as preferred by the 
local engineers, was the Ultra 'Cub'; this determined that the system would 
use frequency modulation. The manufacturer was encouraged to obtain the 
necessary Class 1 intrinsic safety certification for the set, while making 
certain modifications to render it more suitable for mining use and to 
satisfy the Inspectorate of Mines and Quarries.
Severe limitations on development time dictated that the simplest 
practicable system be adopted, with the reservation that it should be equally 
applicable or adaptable to other, more conventional, mines. The use of line 
repeaters was ruled out at this stage since suitable amplifier modules were 
not commercially available and specialized radio-frequency engineering was 
felt to be beyond the immediate scope and resources of the investigation.
System L, using the gapped-line technique, was then the natural choice in 
the circumstances.
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Talk-through facilities were specifically to be excluded. This 
simplified the design of the base stations considerably, since a standard 
portable type of radiotelephone set could be used as a basis. That chosen 
was the Pye 'Bantam*, as being readily adaptable to the purpose and available 
in an intrinsically safe version - but still, of course, with a Class 2 
certificate only.
An important factor to be taken into account, in both the design of 
the equipment and the choice of transmission line, was the extreme humidity 
prevailing in the pits of the Longannet complex. The transmission-line 
aspect of these particular circumstances was discussed fully in chapter 2.6, 
leading to the initial use of the special 'type F' coaxial cable as described.
The transmission of audio-frequency and control signals over the 
coaxial cable had not been adequately examined as a feasible technique, and 
would have presented complications with the gapped-line system in ensuring 
that the radio-frequency gaps were preserved for both coaxial and single-wire 
modes. It was therefore agreed that a special telephone cable would be 
installed to link the base stations and the control room for the purpose.
This cable, in fact, contained seven twisted pairs, all of which were 
available. The opportunity was therefore taken to connect each base station 
separately to the control room; the connections would normally be paralleled 
there, but could be isolated if necessaryfor experimental or diagnostic 
purposes.
Careful attention had to be paid to the transmission characteristics 
of the cable: telephone circuits in coal mines are notoriously bad in 
quality, owing largely to the preclusion of inductive loading of the lines 
by intrinsic safety considerations, and there was a risk that the overall 
quality of the radio system would be limited by the lines. As soon as the 
cable was installed, therefore, measurements of frequency response were made 
between the control room and the intended base-station sites in the particular 
conditions of feed and paralleled lines which would obtain; suitable 
equalization was subsequently provided for in the design of the fixed 
equipment«
The resulting system was designated the NCB Pit Radio System type 986. 
In the Longannet belt roadway it was estimated that three base stations would 
between them provide complete coverage of the mine, and these were spaced 
as shown in the system diagram of Fig. 19.
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Fig. 19* Radio system diagram for Longannet
4.1 Base stations
The nature and function of the base stations has already been 
briefly outlined, as comprising essentially a remotely operated VHF 
radiotelephone set which derives its modulating signals from a pair of 
control lines and feeds the a.f. output signals from its receiver into 
the same lines, which also serve to carry the control voltage for the 
transmit/receive function switching.
To this extent the specification follows that of base stations 
which are manufactured and marketed, often as standard items, for use in 
conventional surface radio systems. But the present application is unique 
in demanding that the base station itself shall be intrinsically safe- 
whereas surface VHF radio systems occasionally call for intrinsically safe 
personal sets which can be taken into hazardous atmospheres such as exist 
in chemical works and oil refineries, it has always been possible - and 
indeed essential with the transmitter powers involved in typical surface 
schemes - to locate the base station in a safe area. The present base 
station design thus demanded the development of new engineering techniques 
in applying the principles of intrinsic safety in this new field.
A block diagram of this purpose-designed base station is given in 
Fig. 20. As mentioned, the heart of it is a proprietary low-power portable 
radio set in an intrinsically safe (Class 2) version. This set in its normal 
mode of personal use is powered by a self-contained rechargeable battery of 
nominally 16.8 V, but in the present application this is removed and the set 
supplied from a separate intrinsically safe supply derived from a higher- 
capacity rechargeable battery, the Plessey type 66l/B, with a nominal output 
voltage of 22.5 V. The auxiliary circuits in the base station are designed 
to operate from the same 16,8 V supply.
4.1.1 ’Transmit1 function
Incoming speech voltages on the control lines A and B from the control 
station are in balanced form and nominally of 1 V r.m.s. amplitude on peaks 
of speech. They are fed into the differential amplifier which discriminates 
against any common-mode voltages which may be picked up on the lines and 
delivers a single-sided output (at its terminal 6) into the microphone 
socket on the Bantam set; the signal level at this point is adjusted in RV22 
to correspond to the normal output voltage from the Bantam microphone which 
is thereby replaced.
139
I S .  CERTIFIED  
15 v  ~  SUPPLY
Pig. 20 s Underground base station (block diagram)
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Fig. 21: Voltage sensor circuit
Fig. 22: Differential amplifier circuit
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The differential amplifier circuit (fig. 22) „as aesi£?le4 wlth 
intrinsic safety considerations in mind, and in particular to handle as 
high a signal voltage swing as possible without the use of transformers 
The signal on terminal 1 is applied directly to the base of transistor '
TR23 through the biasing sener diode M 2, while that on terminal 2 is 
phase-inverted with unity gain before being similarly applied Direct 
coupling wherever possible has minimised the use of high-valued capacitora, 
themselves regarded as hazardous components requiring protection.
The control lines also feed into the voltage sensor circuit (Fig. 21) 
which filters out the a.f. components (in capacitors C1 and C2) and responds 
to the d.c. voltage level existing between the lines. A potential difference 
of 5 V is adequate to operate this circuit, and if the polarity is correct 
(line A positive, line B negative) transistor TR4 conducts and thereby 
operates the transmit/receive change-over relay in the Bantam set. For the 
benefit of maintenance staff, a yellow lamp within the base station lights 
in this condition, by current supplied through resistor R8 and terminal 5 
of the module. In the event of polarity being reversed, the Bantam relay is 
not energized but instead a red lamp lights by conduction of transistor TR3. 
Through terminal 4 of the voltage sensor module, provision may be made for ’ 
operating an auxiliary relay provided within the battery unit for the 
purpose of disconnecting the charging current from the battery. This facility 
was incorporated in case of hum proving troublesome on the Bantam set; it 
operates regardless of line polarity and so may be exercised in the receiving 
condition also through suitable switching at the ccntrol station. The voltage 
sensor circuit has a measure of backlash in operation provided by positive 
feedback through resistors R3 and R 14.
4.1*2 deceive1 function
In the absence of a ‘transmit’ control voltage on the lines, the 
Bantam set rests in the receiving condition. Any signals received by the 
set appear in a.f. form at the microphone socket, whence they are now routed 
Into a bi-phase amplifier arrangement and fed into the control lines in 
Balanced form. The phase inverter shown in the block diagram (Fig. 20) is 
arranged to have unity gain and follows closely the design of the first 
stage in the differential amplifier (Fig. 22).
The balanced amplifier arrangement la unconventional, being devised 
to meet the peculiar needs of the system. It will be appreciated that in a 
complete system, with several base stations in use, a mobiie transmitter will 
usually be within range of only one such atation, which will accordingly pass
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a usable a.f. signal into the lines. At the same time all other base 
stations, not receiving the r.f. transmission, will have their a.f. amplifiers 
connected to the line. All such amplifiers are thus effectively in parallel 
across the lines and it is therefore necessary to use circuits of high output 
impedance - that is, current amplifiers - to avoid mutual shunting of a.f. 
signals. It is then necessary to provide an eventual common load for these 
paralleled current amplifiers to stabilize the resulting line voltage and 
prevent the amplifier circuits overloading;' such a load is included in the 
form of line termination resistance at the control station.
The situation is complicated, however, by the desirability of 
balancing the a.f. signals on the lines to minimize interference. This 
demands that the load resistance at the control station be centre-tapped, 
and the centre point held at earth potential. To avoid earth currents, and 
to satisfy intrinsic safety regulations, the system must not be additionally 
earthed at any base station; nor is it convenient to provide a third or 
•neutral' conductor as a return path for any out-of-balance currents in the 
lines. The current is thus constrained to be equal in both lines and to pass 
through both amplifier modules of a base station in series, and any lack of 
balance in the amplifier characteristics would result in unequal voltage 
excursions across the counterparts and premature overloading. Rather than 
depend on accurate matching of the circuits concerned, it is preferable to 
provide automatic compensation for the effect in the form of common-mode 
negative feedback in the circuits, and the current amplifiers are designed 
accordingly.
Refer now to the current amplifier circuit module (Fig. 24).
The current amplifier element itself basically comprises transistors TR61 
and TR62 connected as a Darlington pair, effectively operating as a single 
transistor of high current gain. Resistor R66 stabilizes the gain of the 
circuit in terms of transconductance and further raises its already high 
output impedance. Transistors TR63 and TR64, also in Darlington formation, 
serve to complete the d.c. circuit through the amplifying transistors while 
preserving the high output impedance of the circuit. At this stage it is 
helpful to assume that a large capacitor to bypass a.f. currents is connected 
between terminals 2 and 7 of the module; transistors TR63 and TR64 then 
receive no input a.f. signal and their combined output impedance is high, 
again enhanced by the emitter resistor R67. The a.f. signal output current 
of the amplifier therefore passes substantially into the line. The d.c.
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operating conditions of the two transistor pairs are highly stabilized by 
a combination of potentiometer-derived base bias and the emitter resistors; 
the same d.c. flows through both pairs in series and with the component 
values used is 22 mA. The circuit constants are further arranged so that 
the voltage drops across the two pairs are substantially equal, with the 
potential at the junction of R63 and R64 resting at -7.5 V.
Each amplifier module thus considered has its counterpart feeding 
the other line in the opposite phase (Pig. 20). The postulated capacitor 
between terminals 2 and 7 is in practice replaced by a direct connection 
between the corresponding terminals 7 of the two modules. If the voltages 
on the two lines - with respect to the base station's own common datum level - 
are equal, then the effect is the same as the postulated capacitor since the 
joined terminals 7 will adopt a fixed proportion of the mean potential of the 
lines, in this case zero. In the event of any circuit unbalance causing an 
unbalance in the line voltages, the proportion of the resulting common-mode 
component appears at this point and is applied to the bases of the transistors 
TR63 in both modules in negative-feedback sense. The transistor pairs 
TR63/TR64 thus adopt a secondary role in providing common-mode negative 
feedback to preserve voltage balance on the lines.
The output impedances of all current amplifier modules constructed 
were measured in the laboratory in the two modes, and were consistently 
recorded as 5.4 kQ in balanced mode and 170 Q in common mode; these figures 
axe in conformity with simple calculations based on circuit considerations 
and are regarded as highly suitable for the purpose.
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Pig. 23: Voltage stabilizer circuit Fig. 24: Current amplifier circuit
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Fig. 25: Zener barrier circuit
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4.1.3 Control-line equalization
As briefly mentioned already, inductance-loading of telephone lines 
is not permitted in coal mines and the consequent poor frequency characteristic 
is normally accepted. In the present case it was felt that this should be 
equalized as far as possible using the surplus gain available in the base 
station circuits in both directions of transmission; for this purpose, 
provision was made (Fig. 20) for capacitors C25 and C51, and resistorl R31 
and R58, which could be selected as required to suit particular circumstances.
From Fig. 19 it will be seen that the control-line lengths involved 
between the control station and the respective base stations at Longannet 
are approximately 1.5, 4.5 and 7 .5 km. In view of the unusual method adopted 
of feeding the lines at the base stations it was felt desirable to measure 
the actual line characteristics in these conditions rather than rely on 
available data for the particular cable, which comprises seven 3/22 twisted 
pairs.
A further complication was that two alternative methods of utilizing 
the lines were envisaged. In the first instance, when only the main Longannet 
mine would be equipped, use would be made of spare cores in the cable by 
connecting each base station individually to the control station, the lines 
being paralleled there but separable by switches for experimental or 
diagnostic purposes. Eventually, when these cores were required for further 
complete systems planned for the individual pits of the complex, the original 
plan would be reverted to and the three base stations paralleled directly 
across a single pair. The equalization requirements proved to be 
substantially different in the two cases.
When a single common pair is used, with the base stations connected 
in parallel across it, the loss at high audio frequencies is greater in both 
directions of transmission for the remoter base stations. Despite the 
different methods of feeding the lines in the two directions, the equalization 
requirement at each base station proved substantially the same for each 
direction of transmission. In the base-receive direction, however, the range 
of equalization is limited to 12 dB by the margin of gain in hand; 14 dB is 
ideally required, and this is available in the base-transmit direction. The 
optimum equalization, within this limitation, for the three stations is as 
follows t
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Station 1 (1.5 km inbye)
H51 » 9*1 kQ C25 « 0.003 Ml*
(giving 6 dB range, 3 dB point at 4 kHz)
E58 » O .Q C51 = O.O33 P-F
(giving 12 dB range, 6 dB point at 6 kHz)*
Station 2 (4.5 km inbve)
R31 - 1.9 kfl C25 « 0.01 ijlP
(giving 14 dB range, 7 dB point at 3 kHz)
R58 - 0 fl C51 » 0.082 (iP
(giving 12 dB range, 6 dB point at 2.5 kHz)
Station 3 (7.5 km inbve)
R31 » 1.9 kQ C25 » 0.02 pF
(giving 14 dB range, 7 dB point at 1.5 kHz)
R58 » 0 0  C51 » 0.16 |ip
(giving 12 dB range, 6 dB point at 1.3 kHz)
*6 dB range Would be adequate here, but the equalization shown makes no 
significant difference over the speech range and allows R58 to ha 
standardized at 0 0, i.e. eliminated Wa *58 to be
When separate pairs are used to the base stations and then paralleled, the 
total detrimental effect on the frequency response is greater, since all the 
pairs contribute a high-frequency loss to all the paths. However, it turns 
out in this arrangement that the losses are practically identical for all 
the base stations, and so it is possible to adopt a standard equalization for 
all the station positions, with obvious advantages:
R31 » 1.9 kQ C25 = 0.029 pF
(giving a 14 dB range, 7 dB point at 1 kHz)
R58 » 0 0  C51 = 0.26 pF
(giving a 12 dB range, 6 dB point at 800 Hz)
In examining all these arrangements, it should be noted that the phase 
inverter (Fig. 20), whose full circuit is not given, incorporates a 1.5 kfl 
resistor between terminals 1 and 4, and a 470 0 resistor between terminals 
1 and 2, terminal 1 being the signal pick-off point for both amplifier paths.
In both the alternative cases considered, equalization is further improved 
by providing a slight additional top lift, amounting to 1 dB at 5 kHz in both 
directions of transmission, and this has been conveniently allowed for in 
the control station.
The quoted equalization arrangements were determined by plotting families 
of theoretically derived curves on transparent paper and displacing them 
to match the required characteristics.
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4.1.4 Radio-frequency circuits
The normal whip aerial on the Bantam set is replaced by a connection 
to the transmission line, a small coaxial socket already existing on the set 
for the use of such non-standard aerial arrangements; the whip itself is 
removed and its mounting hole used to accommodate a connector for bringing 
in the d.c. supply to the set.
The connection to the transmission line is routed through a small 
unit built into a diecast box, containing blocking capacitors for d.c. and 
carrying two N-type r.f. connectors in parallel for direct c o n n e c t i v e  the 
lines. Provision has also been included for future experiments into the 
possibility of carrying a.f. and d.c. signals or power supplies on the 
transmission lines through suitable test sockets giving access to the lines 
with r.f. filtering.
4.1.5 Power supply
The base station is powered from a Plessey intrinsically safe 
mining-type signalling battery (type 661/D). This has a nominal voltage of
22.5 V and a capacity of 5 Ah. It is maintained in a charged condition by 
permanent connection to a flameproof/intrinsically safe mains transformer 
to BS 1538» giving a 15 V intrinsically safe a.c. supply.
The power supply requirement of the Bantam set within the base 
station is a nominal 16.8 V, and so the output from the rechargeable battery 
is fed through a suitable series-type voltage stabilizer, the circuit of 
which is given in Fig. 23. Such use of a stabilized supply for the Bantam 
set results in a more consistent performance; in particular, it leads to a 
more dependable preset squelch setting than is attained normally using 
internal batteries. The other circuits in the base station are designed to 
operate from the same 16.8 V supply.
Account had to be taken of the 10 Q limiting resistor incorporated 
within the battery for reasons of intrinsic safety. The current drain of the 
base station in the transmitting condition is 385 mA, resulting in a 3.85 V 
drop before the stabilizer. To make the greatest possible allowance for 
unusually low battery voltage, such as might result from a prolonged mains 
failure or excessive use of the system over a long period, the voltage 
stabilizer circuit (Fig. 23) uses an unconventional configuration which allows 
the stabilizer to function correctly down to a point where the voltage drop 
across the series transistor TR42 approaches the bottoming voltage (this 
transistor is more usually operated in emitter-follower configuration).
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The rest of the voltage stabilizer circuit is substantially conventional, but 
zener diode D41 has been included to remove a second stable state which the 
circuit otherwise possesses, where the output voltage is zero.
As well as built-in charging rectifiers, the battery used also 
incorporates a relay for disconnecting the charging source remotely, and 
provision for using this has been described in section 4.1.1.
With the measured current drain of 85 mA in the receiving condition, 
and an assumed transmit/receive ratio of 1s10, simple calculation shows that 
in the event of mains failure at any time the base stations may be expected 
to operate normally for about 24 hours if the batteries are initially fully 
charged.
4.1.6 Construction and installation
A view of a base station within its outer enclosure is shown in 
Plate 5. To the right is seen the Bantam radiotelephone set, with its r.f. 
connection to the line coupler unit mounted on the upper gland plate of the 
enclosure. The supply from the battery, which is mounted separately with 
its associated charging transformer, enters through the connector in the 
lower gland plate. The control lines, with provision for paralleling, 
enter through glands in the top plate and thence enter the dual assembly 
of diecast boxes (bottom left) which house all the auxiliary circuits which 
have been described.
A detail view of this diecast box assembly with the lids removed 
is shown in Plate 6. Each box contains a two-tier group board assembly* 
the 'Tx box' (left) includes the voltage sensor and differential amplifier 
modules and also carries the modulation-adjustment potentiometer E22, the 
two indicator lamps, the flylead connections to the Bantam set and a 6-way 
test socket; the 'Ex box' (right) contains the current-amplifier, phase 
inverter and voltage-stabilizer modules and accepts the battery supply for 
all circuits.
In the initial setting up of the station, and any subsequent 
adjustment which may be required, the 'squelch' control of the Bantam set 
is adjusted in the normal way, so that the receiver just mutes in the absence 
of a received signal. The volume control is adjusted so that a received 
signal gives the nominal 1 V r.m.s. maximum level to the control lines. The 
internal loudspeaker in the Bantam set is left switched off except during 
tests. The modulation adjustment on the Tx box is set so that a 1 volt r.m.s. 
signal on the control lines results in a predetermined signal voltage (equal
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to the normal microphone output voltage) being applied to the Bantam. This 
last adjustment must be made in the laboratory and then locked; the other 
adjustments may be made or checked with the base station on site and in 
service.
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4.2 Surface equipment
The surface equipment, which is simply an audio-frequency terminal 
containing no r.f. apparatus, comprises the control station and a zener 
harrier. The latter is a circuit protection device interposed between the 
control unit and the underground lines; it allows the control unit itself 
and any associated equipment to be excluded from consideration in assessing 
the intrinsic safety of the underground system, but serves no operational 
purpose and does not significantly affect the performance of the system.
4.2.1 • Control station
The essential functions of the control station are:
(a)
(b )
( c )
to receive balanced a.f. signals over the control lines from the 
underground base stations and reproduce them on a loudspeaker;
in the transmitting mode, to apply a d.c. control potential 
(nominally 10 V) between the control lines in the correct polarity 
to switch the base stations into the transmitting condition;
in the transmitting mode, to amplify the signals from the operator's 
microphone to the required level and feed them in balanced form 
into the control lines for transmission to the base stations.
A block diagram of the control station is given in Pig. 26, and a 
photograph of the unit in Plate 7. The circuit modules themselves are for 
convenience predominantly replicas of those in the base stations where
appropriate.
In the receiving condition, incoming a.f. line currents develop 
balanced voltages across the split load presented by resistors R155 and R 156; 
these signals are fed to the input terminals 1 and 2 of the differential 
amplifier» from which a single-sided output signal feeds through a volume 
control to the power amplifier and loudspeaker.
For transmission, the non-locking 'speak' key SK is operated, when 
contacts SK1 and SK2 apply the required 10 V potential to line B for switching 
the base stations. Amplified speech voltages from the moving-coil microphone 
are fed into a phase-inverter/current-amplifier combination which follows 
closely the arrangement already described for the underground base stations. 
The current amplifiers deliver à balanced signal into the split load 
(R155 and R156) through contacts SK3 and SK4 of the speak key and thence to 
the lines. The preset gain adjustment RV152 is set so that when the usual
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operator is speaking a voltage of 1 V r.m.s. maximum la delivered across the 
lines. It may be noted that the common-mode feedback provided by the linking 
of terminals 7 of the current-amplifier modules is not required here since the 
centre-point of the load (H155 ♦ R15«) is accessible, however, such strapping 
conveniently avoids the need to decouple these points.
Level monitoring has been provided as an aid to the operator in 
pitching his voice or adjusting his speaking distance for optimum signal 
level to the lines as an expedient in lieu of more elaborate automatic volume 
compression. In these circuits, a sample of the signal is first mildly 
filtered to remove the 'spikes* of very large amplitude which are character­
istic of speech waveforms but which contribute little to intelligibility or 
the mean level; the signal is then rectified with a fast-response and slow- 
decay characteristic and arranged to light a panel lamp when it exceeds a 
preset level. Two such monitors are provided and the operator is asked to 
aim for a level between the two threshold levels as indicated by the lamps.
The 'test* key TK is provided for the purpose of applying a 
reversed control voltage to the lines when required, and its action may be 
traced in Fig. 26.
4,2.2 Zener barrier
The zener barrier (shown in Fig. 25) employs an accepted principle 
but extends it to the case of balanced lines, which further must accept a 
bi-directional d.c. excursion. Basically, the zener diodes do not affect the 
circuits in normal operation but limit the peak voltage which can be 
transferred into the hazardous area in the event of a fault in the surface 
equipment. Resistors R201-R204 limit the fault current, and the fuses protect 
the diodes, which are all duplicated as a further safeguard.
The unit must meet strict constructional requirements and is totally 
encapsulated. It is interposed in the underground control lines as close 
as possible to the point where they enter the drift or shaft to the underground
area.
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4.3 Intrinsic safety aspects
Considerations of intrinsic safety have determined the design of 
the equipment to a very large extent, and’ this has been brought out in the 
descriptions. There are, however, some more general points relating to the
intrinsic safety of the system as an entity which are best covered under this 
specific heading.
Each base station may fairly simply be demonstrated to be 
intrinsically safe considered by itself. The power source - always the key 
factor in such an assessment - carries its own Certificate of Intrinsic 
Safety, and care has been taken that no inductive or capacitive components 
are capable of suddenly releasing stored energy in an unsafe manner. The 
indicator lamps used axe of a type which have been approved as incapable of 
igniting an explosive atmosphere if the hot filament is exposed in a breakage, 
and no resistor can overheat in any combination of two faults.
However, two or more intrinsically safe sources in combination may 
no longer be safe, and the control lines linking the base stations are a 
crucial factor as a possible route by which currents from such separate 
sources may be combined in fault conditions. This has necessitated special 
attention to any circuits making direct connection to the control lines 
within the base stations so as to severely limit any possible fault current 
into the lines. For example, the the voltage sensor circuit (Fig. 2 1) 
resistors R1 and R 15 must not be carbon components, which are liable to fail 
into the short-circuit condition. Similar restrictions apply to all the 
resistors in the current amplifier modules (Fig. 24).
Although not strictly a question of intrinsic safety, consideration 
had to be given to the possibility of radio-frequency energy from the 
transmitters causing accidental firing of detonator caps used in blasting.
The examining • authority, after extensive tests, determined that the risk 
is negligible in practical conditions with the r.f. power restricted to 500 mV.
In due course, a Certificate of Intrinsic Safety, No, IS 1670, 
was granted for the system as described.
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4.4 Amplitude-modulated version
To allow a comparison to be made between the two standard methods 
of modulation and the different principles involved for overcoming overlap 
interference between base stations, it was necessary to engineer a variation 
of the 986 system using amplitude modulation.
4.4.1 A.m. base station
One of the factors which had governed the original choice of the 
Bantam set for the base stations was that it was available in both f.m. 
and a.m. versions, identical in size, form and interface characteristics.
As fax as the fixed system was concerned, it was thus a simple matter to 
make the change. Since the multicarrier principle of avoiding overlap 
interference would be adopted, a 3-channel version of the set was specified, 
to provide in each base station a choice of carrier offsets of -9 kHz, +3 and 
+9 VTT-7. with respect to the nominal transmitter frequency. The receiver 
frequency was fixed at the nominal.
The a.m. Bantam set was unfortunately not available in an 
intrinsically safe version, but a dispensation was obtained from the 
Inspectorate of Mines and Quarries to allow the set to be used for a limited 
term provided the base stations were always sited in intake airways; this 
condition would rarely be an embarrassment.
4.4.2 A.m. personal set_3
The question of the personal set for an a.m. system was less easily 
settled. There was only one intrinsically safe a.m. handportable set on the 
market, the GEC ’Courier'. Its certificate was naturally in Class 2, for 
surface use, and the manufacturer was not prepared to apply for the necessary 
Class 1 certification. The Inspectorate of Mines and Quarries, moreover, 
regarded the set as insufficiently robust in its existing form for mining
use.
Responsibility for specifying the precise mechanical improvements 
required and for obtaining the necessary Class 1 certification was therefore 
assumed as part of the investigation, and the manufacturer was commissioned 
to put the required modifications into effect on a batch of 12 sets. The 
set was designated the NC3 Radiotelephone type 986/10 and granted Certificate 
of Intrinsic Safety No. IS 1686.
A photograph of this set is shown as Plate 8.
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4.5 Performance and operational experience
4.5.1 Longannet
The 586 system in its f.m. version was installed in the Longannet 
mine by the local NC3 engineers during the second half of 1970.
The coaxial transmission line (type F) was suspended in plastic 
hangers at a distance of JO cm below existing power cables laid in metal 
J-type hangers along the centre line of the tunnel roof. Gaps of about 1 m 
• were left at the mid-points between adjacent base stations, the ends being 
correctly terminated in 75 Q.
The active fixed apparatus functioned correctly from the beginning, 
and has been completely fault-free in operation. The quality and clarity of 
speech received in both directions ha3 been particularly impressive, with no 
apparent degradation over the longest length of control lines.
In respect of propagation, there have been occasional complaints of 
difficult communication in certain regions of locally excessive humidity, 
sometimes amounting to misting conditions, where these occurred beyond 1 km 
from the nearest base station.
In other instances, more particularly in the less humid regions 
poor reception by mobile sets has been associated with the running of the belt 
Evidence of radio interference from the moving belt was obtained at medium 
frequencies but not at VHP; it was concluded that a shortcoming lay in the 
mobile sets in responding to these medium-frequency fields to the extent of 
blocking and desensitization, particularly since the more vulnerable fixed- 
station receivers were not affected.
When the system was first commissioned the line terminations at the 
gaps between base stations were encapsulated, and the strain wire which 
bridged each gap mechanically was adequately insulated from single-wire mode 
currents on the lines; in these conditions the regions of confused signals 
were confined within a few metres of the gap on each side, as expected.
Later, it became necessary to remove the encapsulations for test purposes 
and it then became difficult to maintain the integrity of the gap. The 
strain wire tended to bridge the gap for single-wire mode currents and low- 
frequency beat notes were then troublesome for some $0 m each side of the 
gap. Isolating the- base station on each side of the gap in turn demonstrated 
that usable signals were in fact propagating beyond +he gap for this distance.
156
The first tests on the system after installation showed a 
disappointing coverage at the far end of the mine, in the Solsgirth drift 
(Fig. 19). It had been realized that any inadequacy in range or coupling 
would show up here, where the longest length of transmission line (1850 m) 
is fed from one base station; the region is also one of the wettest in the 
mine. But the performance was so markedly inferior to that of the rest of 
the system that it was decided to carry out in-situ attenuation measurements 
of every length of transmission line in the mine, using the base stations 
themselves as the sources. The doubtful section includes a join, the only 
one in the system, about 350 m beyond the last base station; this was first 
cut out intact and cleared of suspicion.
The attenuation figures for the 85 MHz base-station frequency came 
out consistently at 3.25 dB/100 m, with the exception of the final 1500 m 
length in the suspect Solsgirth section; the overall attenuation of this 
length was 20 <33 in excess of the correct figure, and thus accounted for the 
inferior range. The faulty length was returned to the manufacturer for 
examination; in due course it was established that it had been stretched 
presumably during installation in the difficult working conditions of the 
1 in 4 slope.
With a replacement length installed the range improved substantially. 
But communication at the extreme end was still not reliable. The final 400 m # 
was therefore replaced again by a length of type G cable released from 
experimental work, giving the benefit of a 17 dB improvement in coupling loss, 
and this completed the coverage of the mine.
The only serious setback at Longannet has been in the reliability of 
the Ultra 'Cub' personal radio sets. Many of the faults which occurred, such 
as persistent failures of the rechargeable batteries, could not be attributed 
to the admittedly arduous conditions of use. Eventually, the sets were 
withdrawn and replaced on a trial basis by a more robust, though more 
expensive set, the Stomophone 500, of which first experience has been 
encouraging.
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For comparison and experimental purposes the Longannet system was 
briefly changed to a.m. operation, using the alternative equipment described 
in chapter 4.4. Again, the general quality and clarity of speech were marked.
With the multicarrier technique, the superior performance over the 
gapped-line f.m. operation was clearly demonstrated in the overlap regions, 
whether the gaps were in fact now fully closed, left open or closed for 
single-wire mode currents only. Contrary to the f.m. case, reception by the 
mobile sets was if anything more consistent in the regions of such diversity 
reception than at points just into single-station range. It was confirmed 
that beat notes were not audible in the overlap regions, nor were any higher- 
order effects apparent. Switching adjacent base stations to the same carrier 
offset immediately reintroduced troublesome low-frequency beat notes.
Reception of transmissions from mobile stations in the overlap 
regions was not affected by the method of modulation, demonstrating the 
expected diversity effect in both cases. Vith f.m. operation this gave a 
marked advantage to the reception of mobile transmissions over the opposite 
direction of communication.
4.5*2 Baddesley
The a.m. equipment was later installed in Baddesley colliery, near 
Coventry, to obtain operational experience of the system in a more 
conventional type of pit. The proposed function was similar, in providing 
communication for maintenance and patrolling personnel covering a series of 
conveyor belts.
This pit is dry, and so it was decided to adopt the bifilar or 
•ribbon feeder» type of transmission line. Unfortunately, the particular 
roadways concerned were in a serious state of convergence and disrepair.
Urgent blasting or »backripping« operations, notice of which had not been 
received, persistently damaged the feeder during the following months; even 
when the feeder remained intact, the necessary clearance from other cables 
and metalwork to ensure acceptable longitudinal attenuation was not maintained. 
Two base stations had originally been considered adequate to provide the 
required coverage, and with sound lines did so. An intermediate station was 
eventually proposed to maintain coverage despite damaged and lossy feeder. 
Before this could be implemented, however, the pit engineers withdrew the 
telephone-line facility from the system to meet an urgent need in another 
connection and the system went into enforced disuse.
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luring the limited operational use of the system the multicarrier 
teohnique again proved successful. But again the handportable set (in this 
case the modified GEC .Courier') proved unreliable, this vas attributed by 
the manufacturer to the disturbance by the modifications demanded after 
manufacture.
4.5*3 Hark 2 system
It was decided at Board level that the pit radio system should 
be manufactured commercially and installed initially in six British pits 
to obtain further experience in a variety of conditions and applications.
Accordingly, a contract was placed with International Aeradio Ltd 
for the engineering and manufacture of a Mark 2 system. The opportunity 
would be taken to adopt practices more suitable to modern production, such 
as the use of printed circuit boards and integrated circuits. But the most 
important change was to be in the provision for talk-through operation, now 
generally agreed to be essential in such systems to allow communication 
between mobile persons or locomotives anywhere within the system. This 
necessitated bringing to bear more specialized radio engineering'expertise 
which the selected contractor was able to do.
This new version uses frequency modulation, a decision enforced by 
the undoubted superiority among those available of a particular personal 
radio set (the Stomophone 500). In the first instance, the gapped-line 
technique will again be used, with the intention of exploring later the 
possibilities of combining the multicarrier technique with frequency 
modulation or of using common drive for multiple base stations.
With the new equipment it is intended to obtain further experience 
of both bifilar and coaxial types of transmission line. For the former, 
a special all-PVC spring clip has been devised to fit rapidly and securely
to an arch girder and support a ribbon feeder a set distance from it. This 
clip is shown in Plate 1.
The equipment is due for installation in January 1973.
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5 CONCLUSION
5.1 Recapitulation
In this investigation the scientific and engineering aspects of 
VHP radio communication in mines and tunnels have been studied system­
atically, with results which have led directly to the introduction of this 
means of communication into British pits on a commercial operational scale.
The ranges obtainable by »natural* propagation in these environ­
ments have been confirmed generally to be severely limited, typically 
amounting to between 100 and 500 metres. It has been shown that towards 
the lower end of the VHF range, say below 85 MHz, the signals tend to be 
guided by stray conductors such as power cables, and so will often 
negotiate corners and obstructions. This limited propagation is now being 
applied in coalmining for certain specialized functions.
An exception to the limited natural ranges occurs in the vertical 
shafts of coal mines, where the full depths have consistently been covered 
in the deepest pits, reaching 1 km, between personal radio sets over the 
whole VHP band and at 460 MHz in the UHF band. The conclusions of this 
particular study were brought to the attention of the industry without 
delay, and this method of communication is finding rapidly increasing use 
in shaft maintenance and emergency operations.
For longer ranges of communication, a requirement of the vast 
majority of underground radiocommunication applications, the transmission­
line principle of controlled VHF propagation has been shown to be 
unquestionably the means to adopt. This technique has been studied and 
developed from its original bare concept. The operation of the principle 
has been analysed and important criteria have been established governing 
the choices of transmission line and operating frequency. Working 
hypotheses relating to the coupling mechanisms of the transmission lines 
have been developed; resulting predictions on the relative merits of 
different types and constructions of line have been confirmed in practice. 
In particular, the external coupling or screening efficiency of a coaxial 
cable has been shown to be very dependent on the internal dielectric 
employed, a factor which previously had completely escaped attention in 
the field of radio-frequency cables. In bifilar types of transmission 
line, attention has been drawn to the significance of stray unbalance, 
and this significance assessed quantitatively.
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Prom the basic transmission-line principle, with its own practical 
range limit of about 2 km, techniques have been proposed and developed for 
extending the coverage as required to provide a complete system for the 
largest pit. The two main alternatives of line repeaters and multiple base 
stations have been examined and compared, and in the latter case the problem 
of mutual interference between base stations has been especially studied.
The choice of modulation method is governed by a number of factors peculiar 
to the proposed transmission-line systems and their applications, and this 
aspect has been fully discussed.
Finally, a complete system has been engineered round available 
radio modules, based on the various principles and techniques developed.
One version of this system has been providing operational service in a " 
Scottish mine over a period of two years, covering a linear distance of
9 km. This experience has led to arrangements being completed for commercial 
manufacture of a production version of the system.
So far as the research and applications in coalmining are concerned, 
an ever-present factor has been the requirement for all equipment taken 
underground to be certified as intrinsically safe for use specifically for 
use in coal mines. Besides being a serious handicap in the research stave 
this has governed the design of the engineered system, where for the first* 
time considerations of intrinsic safety have had to be applied to VHF 
base-station equipment.
While the main broad objective has been the improvement of 
communications in coal mines, the work has been pursued with wider 
application of the results constantly in mind. The obvious instances are 
for railway and road tunnels, and these have indeed featured in the 
experimental work} other prospective applications encountered have been in 
electricity cable tunnels and sewers, and the basements of large buildings, 
apart from the special case of the underground store depot taken as an 
example in the investigation. Looking beyond these essentially underground 
or enclosed environments, however, it seems logical to consider the 
transmission-line principle and its attendant techniques wherever a linear 
rather than an area radiocommunication system is required; railways and 
motorways come first to mind.
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5.2 Contemporary work
At about the time of the start of the present investigation, 
or shortly afterwards, interest appears'to have awakened in the 
transmission-line principle of VHP radio communication in several other 
countries. Until very recently, however, no other serious research into 
the subject has been apparent in the UK apart from some specialized work 
for a proposed railway application, since abandoned, involving use of the 
very close field of a slotted wave guide.
As judged by published papers and personal contacts, very little 
serious overlap in the investigations in this surpisingly wide field has 
occurred, but where it has done so it has generally provided valuable 
confirmation of experimental findings and broad agreement on hypotheses.
In the mining field, the most significant foreign work has been 
by Belgian workers; they have been exclusively concerned with the lines 
themselves, and in obtaining utmost range without resort to multiple base 
stations or repeaters. In particular, Delogne15 has developed discrete 
slot-radiators or «windows« which are inserted in a coaxial cable at 
intervals of typically 100 m; these effectively transfer a Sman  porti0n of 
the coaxial-mode energy into single-wire mode, and despite the somewhat 
loose terminology at first attached to them they are not presumed to 
operate by direct radiation of energy. - The cable itself in this arrangement 
is normally a non-radiating coaxial type having a solid corrugated outer 
conductor. An advantage claimed for the technique is that the mode- 
converters, as they are now preferably called, may be designed to suit a 
specific frequency; this may be well below the range generally considered 
for transmission-line systems - for example, 7 MHz.- and so can exploit a 
lower line attenuation. It can be argued that the use of such frequencies 
brings in other problems, such as of aerial design and licensing 
difficulties if surface communication is involved, and these have not 
been seriously faced.
Deryck16 has applied a similar principle to the use of bifilar 
lines, by designing discrete devices which may be inserted as required in 
series with a ribbon feeder to produce a controlled conversion to single­
wire mode.
In Canada, Professor J.C. Beal* has more recently commenced an
«•private communication
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investigation into coaxial cables of various types, and has independently 
confirmed that surface contamination does not affect their characteristics. 
The US Bureau of Mines now also appears to be taking an interest in the 
general subject, but so far has not communicated any findings.
Other work has been concerned mainly with railway communications. 
Japanese workers y have been the most active, designing ranges of expensive 
low-attenuation cables or solid guides having varieties of slot 
configurations. The coupling mechanism of such lines may be considered 
to be different from that attributed to open-braided and similar types, 
since the slots are so spaced (typically \/2) that the external field may 
be interpreted as a direct radiation without invoking an intermediate mode- 
conversion process. In application, the close field only is used; in the 
absence then of significant multipath effects, polarization becomes 
important and one of the objects of the particular slot orientations used 
is to ensure a circumferential component of the electric field for 
convenient coupling to a vertically polarized aerial.
12A longitudinally slotted cable favoured in Germany has already 
been mentioned; primarily intended for railway tunnel applications, it has 
also been suggested for mining used but would appear to have practical 
disadvantages compared with braided cables.
A number of transport undertakings are known to have installed 
transmission-line systems in tunnels over the past few years, mainly using 
heavy-gauge bifilar cables, longitudinally slotted coaxial cables or the 
type having frequent small holes. Little or nothing has been published 
of these projects in the scientific literature; it is presumed that they 
axe broadly based on the original American work and have established no 
useful new principles.
The use of Goubau or surface waves has occasionally been proposed 
for linear radiocommunication systems, guided on a solid conductor having a 
suitable dielectric coating. Such a principle would be impracticable in any 
sort of mine, since the necessary clearance and freedom from sharp bends 
could not be assured; the difficulty of clearance also applies in most 
transport tunnels. For surface applications, the performance could be 
seriously affected by snow, ice or even rain, though such lines have been 
used to transmit radio signals from point to point in open territory. When 
the longitudinal attenuation becomes worse than that of a conventional 
coaxial or bifilar line of comparable expense, it becomes more profitable 
to employ the transmission-line principle and depend on continuous or 
periodic mode conversion«
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5.J Further Investigations
This work has of necessity covered the full range of its broad 
subject from basic principles to final engineering. Bearing particularly 
in mind the experimental handicaps and the safety restrictions on the 
design and use of apparatus, it is inevitable that questions have been 
left unresolved, promising lines of study not followed up and a few loose 
ends left untidied. It is felt useful in conclusion to mention . 
specifically the more interesting of these neglected aspects, especially 
those which do not seem to be receiving attention elsewhere.
Looking first at the basic transmission-line principle, the 
coupling process has been traced as far as a single-wire-mode current on 
the line; the mechanism by which this in turn couples into a nearby aerial 
(the 'single-wire coupling loss' of section 2.7.1 ) is not strictly 
resolved but has been loosely associated with that of a travelling-wave 
aerial. So far as the mode-conversion process in the line is concerned, 
the implication has been of a single-wire transmission line setting up 
fields with its earth-image or the tunnel walls, allowing the necessary 
parameter of characteristic impedance to be attributed to the line in this 
mode. It is a deserving subject for further study whether the same fields 
account wholly for the observed local coupling or whether, for example, an 
evanescent but continuously regenerated surface wave is a further 
intermediary; the latter case mi$it suggest some further improvements in 
line construction.
Such further work would require more refined experimental 
techniques than have been available, with more accurate and numerous 
observations and greater dependence on statistics in their interpretation. 
Yet again, it is doubtful whether such work could be satisfactorily 
carried out in coal mines or results obtained elsewhere applied to them.
There are some more particular aspects which have of necessity 
been hurried over or omitted and which warrant closer attention. Some of 
these call for no further additional resources than longer lengths of line 
than have been used so far, and more effort and time to carry out 
modifications. An example is the bi-coaxial transmission line of 
section 2.7.8, which has interesting possibilities both for practical 
use and as a research tool in further study of the conversion and coupling 
processes, yet requires longer runs than have been practicable in the 
present work.
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The performance of coaxial lines in very wet environments is 
another case for closer study. It has been established that surface 
moisture or contamination on the cable itself does not affect the mode 
conversion or coupling loss; yet the indications in environments such as 
the Longannet mine are that a localized deterioration in coupling loss can 
often be associated with extreme humidity. It seems likely that surface 
moisture or contamination of the cable supports causes leakage to earth of 
the single-wire-mode currents; it would be extremely useful to have this 
question resolved, and suitable supporting methods to combat the effect 
designed if necessary.
With above-ground applications in mind, much of the present and 
suggested work could usefully be repeated in open-air conditions, since 
the single-wire-mode line parameters there will he expected to differ, 
perhaps remarkably, lateral decay cf field strength would certainly ’ 
follow a very different behaviour, with reflections from tunnel walls now
replaced by those from a plane earth. The generally vastly improved 
free-space range introduces complications to such work unless the close 
field only is being studied, even then, very long teet sections (perhaps 
exceeding 1 km) would be necessary to eliminate all end effects.
For protection or environmental reasons, the burying of 
transmission lines below a road surface has been mooted. The Mersey 
Tunnel tests in the present work suggest that the losses in doing so may 
not be prohibitive, but serious experimental work in this direction is 
called for.
Turning away from the transmission lines to the systems aspects, 
several of the proposed arrangements (Table 8) merit immediate further 
examination and trial. The Mark 2 version of the present engineered 
system still uses the gapped-line technique in the first instance 
(system L) but includes provision for changing to the multicaxrier system 
(E) while retaining frequency modulation. The equipment could also be 
adapted to the common-drive principle (system H). Of more immediate 
interest, however, is the possibility of changing to a line-repeater 
system (A) on the unidirectional principle mentioned in chapter 5.5, and 
this is planned during 1973.
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So fax as the engineering of the fixed equipment is concerned, 
the principles adopted in part 4 have required modification only as 
necessary to meet the additional facilities included in the Mark 2 system; 
it may be assumed that manufacturers of conventional radiotelephone 
equipment, who already have some knowledge of intrinsic-safety principles 
as applied to personal sets, will be increasingly prepared to take 
responsibility for any future engineering of intrinsically safe fixed- 
station equipment.
The engineering and production of special-purpose personal 
equipment for mining use will become worthwhile as the use of transmission­
line systems grows. This will logically be left to the established 
manufacturers, though scope would appear to exist for basic research or 
development to produce a more suitable type of personal aerial than those 
in current use, having particular regard to the conditions of multipath 
propagation prevailing in mines and tunnels.
And so, a groundwork has been laid on which practical transmission­
line systems may be planned and engineered with confidence; but the subject 
offers wide scope for further study.
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Appendix A: Summarized technical data for 986 system
Control line a.f. level: 1 V r.m.s. maximum
Control line switching p.ds 10V d.c. in transmitting mode
Control line load impedance: 300 2
Base transmitter frequency: 85.875 MHz (85.6 MHz originally at Longannet)
Base receiver frequency: 72.375 MHz (72.1 MHz originally at Longannet)
Base transmitter power output: 500 mW (into 50 2)
Base receiver sensitivity: 0.5 dB for 20 dB quieting (f ,m. version)
.0.8 dB for 10 dB signal/noise ratio (a.ra. version) 
Base transmitter Bandwidth: as for 25 kHz channel spacing (f.m. version)
as for 122- kHz channel spacing (a.m. version)
Base receiver Bandwidth: as for 25 kHz channel spacing (f.m. version)
as for 50 kHz channel spacing (a.m. version)
Base transmitter carrier offsets (a.m. version): (a) +3 kHz
(B) +9 kHz 
(c) -9 kHz
Base station d.c. power source:
Intrinsically safe rechargeable Battery, Plessey type 661/B, 
with integral charging circuit, charged from intrinsically 
safe 15 V a.c. supply from mine signalling transformer to 
BS 1538.
Voltage 22.5 V, capacity 5 Ah, internal series resistor 10 2
Personal radio sets: (f.m.)
(a.m.)
Ultra 'Cub', Bandwidth as for 25 kHz channelling 
Storno 'Stomophone 500*, Bandwidth as for 25 kHz channelling
NCB typo 986/10 (modified GEC 'Courier') 
Bandwidth as for 50 kHz channelling
Transmission lines: (a) Longannet - 'type F' (BICC ref. RPC4591/F)
(Solsgirth end) - 'type O' (BICC ref. RPC4591/G)
(b) Baddesley - flame-retardant version of BICC ribbon 
feeder type T3101 (BICC ref. RPC4499) 
(for cable characteristics see text)
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Appendix B: Patents and publications
Patents
During the course of this investigation and relating directly to it the following British Patents were granted or applied for:
Brit. Pat. 1 259 231, relating to system E of table 6 in section 3.5 
Inventor: D.J.R. Martin
Pat. 1 248 222t relating to systems H and J of table 6 in section 3*5 
Inventor: D.J.R. Martin
Brit. Pat. 1 248. 223. relating to system F of table 6 in section 3.5 
Inventor: D.J.R. Martin
Pat. Appln (complete) 359826/71. relating to arch-fixing clip for ribbon 
transmission line as referred to in section 4.5.3 
Inventors: D.J.R. Martin and D.S.G. Smith (National Coal Board)
Pat. Appln (prov.) 14799/72. relating to coaxial cable with deliberate 
inductive component in outer braid as referred to in section 2.7.2 
Inventor: D.J.R. Martin
Pat. Appln (prov.). 21619/72. relating to unidirectional repeater system as 
referred to in section 3*5
Inventors: Q.V. Davis (University of Surrey) and D.J.R. Martin
Pat. Appln (prov.) 24967/72. relating to bi-coaxial transmission line as 
described in section 2.7.8 
Inventor: D.J.R. Martin
Publications
The following publications relate directly to this investigation:
D.J.R» Martin: ’Radio propagation in mines and tunnels', Electronics Letters, 
3rd Sept 1970, £  (18), PP» 563-564
D.J.R. Martin: ’Full coverage of the mine by line-propagated VHF radio', 
Mining Technology, Nov 1970, ¿2 (601), pp. 7-15» and Dec 1970,
52(602), p.30
D.J.R. Martin: 'Transferred surface currents in braided coaxial cables', 
Electronics Letters, 7th September 1972, 8_ (18), pp. 465-466
D.J.R. Martin: 'A practical VHF radio system for complete coverage of the 
mine', EEC conference on 'Automation in coal mines', Luxembourg, 
29th-31st May 1972, 22p 9 Figs.
169
XPlate 1 : Probes and clips
spike probe
feeder clip for experimental use
common—mode probe
feeder clip for engineered system
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Plate 2: Experimental line in Woodville tunnel
Plate 3: Experimental base station in Woodville tunnel
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Plate 4
Absorbing damp in Woodville tunne].
Plate 5: Engineered base station
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